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PREFACE 


This volume is an outcome of a course of lectures which 
the author has been giving to some of the post-graduate students 
at the Andhra University during the past five years. It is a 
connected account of the subjects of scattering of light and 
the Raman effect. The outlook of the book is mainly experi- 
mental, although a fair amount of mathematical detail, which is 
considered necessary for a proper understanding of the subject, 
is included in the appropriate places. Most of the chapters 
form an easy reading. Chapters XI and XII, where a working 
knowledge of the principles of wave-mechanics and certain 
standard theorems of tensor algebra and group theory have been 
assumed, may be omitted in the first reading, if found necessary. 

It is now well known that, although the subject is 
of comparatively recent origin, a vast amount of hterature has 
grown around it. In a single volume like this, it would be 
impossible to do justice to all the different branches of science 
in which it has found application. The treatment is accordingly 
confined, in the main, to the physical aspects. No attempt is 
made to give comprehensive references to literature, because 
several useful bibliographies have already been published. The 
work xelat iag-to Rayleigh scattering and the more recent 
developments connected with the discovery and applications of 
the Raman effect have been brought together in this book with 
a view to emphasize the close relationship between them. This 
appears entirely appropriate in view of the fact that the discovery 
of the Raman effect was the result of the intensive experimental 
investigations that were carried on by Professor Raman and his 
collaborators in the field of Rayleigh scattering. 

Several Universities are beginning to include this subject 
as part of their curricula in advanced physics. A student, who 
desires to undergo such a course, now finds that much of the 
information he needs is scattered in various scientific journals. 
It is hoped that this book, which is an attempt in the direction 
of bringing it all together and presenting a connected account 
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of the underlying theories and experimental facts, will serve a 
real need. 

The author desires to take this opportunity for expressing 
his grateful thanks to Professor Sir C. V. Raman. Without 
his constant advice and kind encouragement, it would not have 
been possible to prepare this volume. 

Figs. 6, 11, 14 and 16 are taken from La Diffusion 
Moleculaire de La Lumiere by Prof. J. Cabannes. Figs. 7, 8, 
17, 35 and 36 are taken from the Proceedings of the Royal 
Society of London. Figs. 9, 12 and 31 are taken from the 
Indian Journal of Physics. Figs. 13, 25, 26 and 32 are taken 
from the Proceedings of the Indian Academy of Sciences. Figs. 30 
and 38 are taken respectively from the Phy.sical Review and the 
Journal of Chemical Physics. Figs. 37 and 39 are taken I'rom 
The Raman Effect and its Chemical Applications by Dr. J. FI. 
Hibben. Fig. 28 is taken from Der Smeked Raman Effect by 
Prof. K. W. F. Kohlrausch. Fig. 10 is due tt) Dr. J. Weiler. 
The Raman spectra of O 2 and Na, reproduced in Plate If, are 
those originally obtained by Dr. Rasetti. The Raman spectrum 
of diamond, reproduced in Plate 1, has been kindly supplied by 
Mr. P. G. N. Nayar. The author, while acknowledging the 
sources from which all the above figures have been obtained, 
desires to express his grateful thanks to all the concerned 
authorities of the various journals who have given him per- 
mission to reproduce the figures. 


S. Bhagavantam. 


Department of Physics, 
Andhra University, Waltair {India), 
1st June, 1940. 



FOREWORD 


The author of this book has been the most assiduous 
investigator in India in the field of Physics with which it deals 
during the past ten years. He has made many significant 
contributions to the subject, the value of which has been widely 
recognized. Professor Bhagavantam has also successfully intro- 
duced the subject to numerous aspirants for a scientific career. 
Indeed, Professor Bhagavantam’s enthusiasm and capacity as a 
teacher and leader of research at the Andhra University are 
well known. It is very appropriate, therefore, that he has 
undertaken the task of giving a systematic exposition of the 
subject. I feel sure that the treatise he has written will be found 
most useful and will win appreciation, both in and outside India. 

The field of research covered by the book, though extensively 
cultivated, has not yet yielded all the results that it is capable 
of. Especially in the study of the solid state is there much 
valuable work waiting to be done. Professor Bhagavantam’s 
treatise will, 1 greatly hope, encourage further research by 
making the results already reached more widely known and 
more readily accessible to the investigator. 


Department of Physics ^ 

Indian Institute of Science, Bangalore, 
22nd May, 1940. 


C. V. Raman. 
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Chapter I 

SOME NATURAL OPTICAL PHENOMENA 

Reflection and Refraction of Light . — has been known for 
quite a long time now that the phenomena of reflection and 
refraction occur only when light falls on a boundary separat- 
ing two media of different refractive indices. No such thing 
happens to a beam of light when it traverses a medium which is 
continuous and uniform. Visibility of matter, which is not 
self-luminous, was accordingly attributed until very recently to 
irregular reflection taking ^lace at the surface. It was tacitly 
assumed that there is no lateral radiation emitted from within a 
transparent body when it is traversed by a beam of light. This 
common belief could easily be supported and proved to be in 
accordance with theory in the case of a perfectly transparent, 
structureless and homogeneous medium as the result depended 
upon a complete destructive interference of all the secondary 
waves coming in a lateral direction. It is, however, obvious that 
on account of thermal agitation, no medium may be regarded as 
perfectly homogeneous. Consequently, there is bound to be a 
residual effect although small. That such an effect, which may 
be calle d lateral diffusion , actually exists and is as much a 
n orooerty of all'Bransparent matter as any other optical 
property such as refraction, has been realized only very recently. 
This realization has been the starting point of the subject 
of light scattering which is to-day an important branch of 
physics. 

Difliision of Light . — We now know that light is diffused 
laterally with varying degrees of intensity by matter in all states 
of aggregation. No special arrangements are needed and it is 
quite easy to demonstrate the effect in liquids. When a beam 
of white light is condensed by means of a lens into the centre of 
a large glass bulb containing a dust-free liquid such as benzene, 
an observer who shields himself from the light coming directly 
from the source and views the track in the liquid in an oblique 
direction will at once see a magnificent blue scattering. The 
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experiment is easily performed by allowing sun-light to enter a 
darkened chamber through a suitable aperture. The colour of 
the scattered light strongly resembles the .deep blue colour 
exhibited by the sky on a clear and cloudless day. Any other 
liquid may be substituted for benzene and the effect persists 
but with a different intensity in each case. Matter in the form 
of clear and transparent sohds, either crystalline or amorphous, 
and gases free from dust as well may be shown to behave in an 
exactly similar manner by adopting somewhat similar but 
improved arrangements which are necessitated by the fact that 
the intensity of the scattered hght is rather low in these cases. 
These experiments clearly show that the diffusion of light is a 
universal property of matter and is subject -to definite laws which 
are intimately connected with its state of aggregation. This 
important conclusion, which may be to-day regarded as an 
established fact, has its beginnings in the attempts by the early 
scientific men to find a satisfactory explanation of a number 
of natural optical phenomena. We shall now describe the main 
features of three such cases, the blue colour of the sky, the 
blue colour of the oceanic waters, and the blue colour exhibited 
by thick layers of transparent ice blocks such as those occurring 
in glaciers, as illustrations respectively of matter in the gaseoii' 
liquid and solid states diffusing light. 

Blue of the Sky . — The blue colour of the sky is a mu: 
familiar and conspicuous example of a natural optical pheno 
menon that has arrested the attention of the early phiiosophe; 
Of the many explanations that were repeatedly offered, the o 
that was put forward by Leonardo da Vinci is of special intercsi 
as he was the first to attribute the colour to the suspended 
particles in air. Tyndall,^ amongst other observers, prepared 
a large number of clouds or artificial atmospheres^ and 


1 Phil. Mag., 37 , 384 (1869). 

2 Examples of such clouds prepared by Tyndall are quite numerous and 
they usually consisted of fine solid particles obtained by the decomposing 
action of light on some organic substance such as, for instance, vapour of 
ally! iodide. Amongst other substances suitable for producing the Tyndall 
phenomenon, mention may be made of a mixture of air bubbled through butyl 
nitrate with air that is bubbled through hydrochloric acid. The total pressure 
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Studied the diffusion of light by these clouds on a laboratory 
scale. This phenomenon of the scattering of light by colloidal 
solutions or turbid media has now come to be known as the 
Tyndall effect. Characteristics exhibited by the light scattered 
by such clouds or artificial atmospheres are quite numerous 
and complicated. Here it is not proposed to go into the details 
of these complicated phenomena as they properly come under 
the subject of colloid optics. The features exhibited by this 
type of scattering stand in marked contrast to those that are 
met with in molecular scattering as we shall see later, 

Tyndall found an analogy between the blue of the sky and 
the blue of the light scattered by such artificial clouds in the intial 
stages and expressed the view that the atmosphere should be 
regarded as a turbid medium since numerous particles composed 
of dust, drops of water, minute crystals of ice, etc., float in it. 
As such, it may be expected to diffuse the incident sun-light in all 
directions in a manner closely analogous to an artificial cloud 
prepared in a laboratory. If this view is accepted, the blue of 
the sky stands at once explained. Tyndall’s explanation for the 
blue of the sky was, however, generally and widely accepted only 
till about the end of the nineteenth century, when the fundamental 
question as to what is the precise nature of the small particles 
hat float in the atmosphere naturally arose. Tyndall himself 
feelieved that the purely gaseous portion of the atmosphere was 
■incompetent to scatter light and most of the early investigators 
■ i|reed with him in presuming that the suspended particles 
Here composed of some kind of foreign matter other than the 
Molecules that constitute the atmosphere proper. It was Lord 

of the mixture is kept at about 10 mm. On the passage of light, chemical 
action ensues and a very fine cloud of solid particles begins to form. Another 
method of preparing an artificial atmosphere consisting of fine particles of 
sulphur is to add a dilute solution of hydrochloric acid to a very dilute 
solution of sodium hyposulphite. In this case chemical action takes place 
without the intervention of light and a cloud of very fine sulphur particles 
is at first formed. As time goes on, their size gradually increases. The rate 
of cloud formation can be delicately controlled by varying the concentrations 
of the solutions, and practically all the important characteristics of the Tyndall 
phenomenon can easily be demonstrated by this method. 
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Rayleigh who first pointed out that there were no strong 
arguments in favour of such an assumption. On the other hand, 
it is well known that the sky is bluer than ever when the dust 
and other suspended particles in the atmosphere are washed 
down by a heavy down pour of rain. The azure is most striking 
on a clear day or at altitudes above the dust level such as in a 
hill station. Lord Rayleigh and subsequently Schuster - showed 
that the measured opacity of the atmosphere was in satisfactory 
agreement with what would be expected if the molecules of the 
air alone were regarded as the scattering centres. As a result 
of these investigations, which will be dealt with in greater detail 
in the following pages, we know to-day that both the blue 
colour and the luminosity of the sky may be accounted for, 
without the postulation of any foreign suspended particles. 

An equally interesting but a more recondite feature of sky 
light which may easily be demonstrated with the help of a nicol 
is its state of partial polarization. No explanation was forth- 
coming for this phenomenon and it was somewhat puzzling in 
view of the results obtained in the laboratory by Tyndall with 
clouds of small particles, the fight scattered by which exhibited 
complete polarization in transverse directions. The observed 
imperfection of polarization of sky fight was found to be 
genuine as it persisted even after eliminating and accounting 
for the disturbing factors such as dust and other suspended 
particles in the atmosphere. It could also be reproduced in the 
laboratory by working with dust-free air. Lord Rayleigh ■' 
showed that this was due to a lack of spherical symmetry in the 
optical properties of the molecules. Lord Rayleigh’s investiga- 
tions have thus provided the clue for the explanation of the three 
most outstanding features that characterize the sky light, namely 
its colour, intensity and polarization. 

Blue of the Ocean . — The remarkable dark blue or indigo 
colour exhibited by the deep oceanic waters is another familiar 
sight to every traveller on a sea voyage. Amongst the early 


1 Scientific Papers, 4, 397 (1899). 
^ Optics, 2nd edition, 328 (1909). 
® Scientific Papers, 6, 540 (1918). 
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attempts to explain this phenomenon, we may again mention 
that of Lord Rayleigh.^ He was of the opinion that three 
different causes, namely, the reflection of the blue sky, the 
natural hue of the waters arising from dissolved colouring 
matter and the blue tinge that would be acquired by the light 
in the process of diffusion by the suspended particles, were 
operative, thus complicating the issue to a certain extent. While 
proposing such an explanation, he himself had noticed that the 
blue of the deep sea often looked purer and fuller than that of 
the sky. This circumstance is obviously not in favour of the 
idea that the ocean receives its colour only by reflection. The 
other two suggestions may easily be shown to be untenable. 
Colour due to the absorption by the dissolved materials can be 
expected to manifest itself only by transmitted light which is 
excluded by the very nature of observation as the observer is 
always situated in such a position that the transmitted light 
cannot reach him directly. It is, however, possible that some 
transmitted light is reflected backwards to the observer by 
suspended particles but the known great transparency and 
freedom from turbidity of the many oceanic waters, particularly 
those that show the blue colour best, precludes the possibility 
of such an explanation being valid. These and other objections 
to the above explanation of the blue of the ocean were first 
raised by Raman.^ He carried out a number of experiments 
both on the deck of a steamer and in the laboratory with waters 
collected from different seas with a view to determine the extent 
to which the suspended particles were responsible for the colour. 
As a result of these experiments, he came to the conclusion that 
light molecularly scattered in the oceanic waters plays a large 
part in making them look blue, although other complicating 
factors such as the absorption of red and yellow regions of the 
spectrum in the water have also to be taken into account in 
explaining the subsidiary features. This recognition by Raman 
of the fact that the blue of the oceanic waters is another natural 
optical phenomenon which presents a close analogy to the 

^ Scientific Papers, 5, 540 (1910). 

2 Nature, 108^ 367 (1921) and Molecular Diffraction of Light (1922). 
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blue of the sky may be regarded as an important step in the 
history of the subject. 

Colour of Ice . — ^Thick layers of ice illuminated by sun-light 
when viewed transversely show a strikingly blue tinge. The 
blue colour of ice in glaciers is an example of this phenomenon. 
Large blocks of ice, carefully selected such that they do not con- 
tain any inclusions may be used in the laboratory to demonstrate 
the effect. 



Chapter II 


LIGHT SCATTERING AS A RESIDUAL EFFECT 

Scattering of Light by a Small Dielectric Sphere . — ^We will 
now consider the case of a small spherical volume V having a 
dielectric constant e+Ae embedded in an otherwise uniform 
medium possessing a dielectric constant e . If a beam of light 
of electric intensity E is incident and goes past the obstacle, 
we have equations (1) and (2) outside the obstacle and within 
the obstacle respectively. 

D =eE .. (1) 

D' = (e+Ae) E (2) 

Equation (2) may be written as (2a). 

D' = fi(l+^) E (2a) 

(2a) is the same as the original equation (1) if regard E 
as having been replaced by E^l4-^^ . The presence of the 
obstacle has therefore the same effect as the creation of a 

secondary electric intensity — E per unit volume at its centre, 

s 

the direction of the secondary disturbance being the same as 
that of the original one. If the dimensions of the volume element 
are small in comparison with the “wave-length of light, the 

aggregate electric intensity will be — EV . Radiation will be 

e 

emitted in all directions, the laws governing the distribution of 
which are the same as those that are appropriate to a vibrating 
electric doublet. It is easy to see that the light emitted in a 
transverse direction will be linearly polarized if the incident light 
is linearly polarized and that its intensity will be proportional 

to E^V". 
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LIGHT SCATTERING AS A RESIDUAL EFFECT 
Scattering of Light hy a Perfectly Homogeneous Medium. 



Fig. 1. 

Let ABCD represent a block of perfectly homogeneous matter 
illuminated by light incident in the direction of the Y axis. 
The whole volume may be divided into a large number of cubes 
as shown in the figure. The side of each cube is so chosen that 
it is small in comparison with the wave-length of light. Under 
such conditions it is easily seen that the phases of all the beams 
scattered by the different portions of any one cube in a given 
direction, say X, are in agreement with each other. We may 
therefore represent the aggregate effect from a particular cube P 

'2,7CCt 

by A cos -—where A is the sum of all the amplitudes arising 

from different portions. If the material is perfectly homo- 
geneous ^ and possesses uniform density at all points, it is always 
possible to pick out another cube Q at the requisite distance 


1 The conditions prevailing in ordinary crystals closely approach this ideal 
at low temperatures. The distances between one molecule and its neighbours 
are so small in comparison with the wave-length of light in the visible region 
that we may disregard the structure altogether and regard the medium as 
continuous and if thermal motions are eliminated, every bit will be identical 
with every other bit at all events. 





FLUCTUATIONS AS THE CAUSE OF LIGHT SCATTEl^l|jCL 

such thah the phase of the light scattered by the lattei m are 
direction X lags behind that coming from the cube P by an 

amount equal to ^ • The corresponding aggregate disturbance 

may then be written as A cos ^ destroy 

each other. In this manner, all the secondary amplitudes 
coming from the various cubes may be paired off and shown to 
leave no aggregate residual effect in the direction of X.^ The 
proof may easily be extended to all other directions except the 
direction along which the light is originally incident. It is well 
to recall the principal assumptions on which such a conclusion 
rests. They are: — 

(i) The material may be regarded as perfectly homo- 

geneous and divided into a number of cubes each 
of which is small in comparison with the wave- 
length of light. Such a division should not result 
in bringing out the structural discontinuity, if 
any, into prominence. 

(ii) Any one cube is similar in all respects to every other 

cube at all instants of time. 

(iii) Consequently, for any given cube we are quite 

certain of finding another at the requisite distance 
such that the secondary rays that are emitted in a 
given direction by these two cubes completely 
destroy each other. 

Fluctuations as the Cause of Light Scattering . — From what 
has been said in the foregoing sections of this chapter, it is 
easily seen that although an individual dielectric sphere may be 
expected to emit light under the action of an incident light wave 
as if it were an electric doublet, a perfectly homogeneous medium 
should not show body scattering. This has been shown to be a 
consequence of regarding the medium as made up of a number 
of identical volume elements, the compounded effect from all of 
which reduces to nothing. Similar considerations may easily be 
shown to apply to the case of a large number of small dielectric 


This does not apply to the cubes near the boundaries. 
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spheres embedded at regular intervals in a medium of otherwise 
uniform dielectric constant. This case corresponds to an actual 
crystal in which thermal motions are ignored and the molecules 
are regarded as spherical dielectric particles. The particles are 
small in comparison with the wave-length of light in the visible 
region and are so close to each other that the medium may be 
regarded as structureless and it follows as before that there is no 
residual effect left in a lateral direction if all the amplitudes are 
compounded. We may alternatively look at it by considering 
the effect from each dielectric sphere. If a particular sphere 
causes a certain disturbance at the observer, it is always possible 
to discover another sphere, since they are all arranged in a 
regular fashion and are devoid of thermal motions, which will 
cause a disturbance which differs in phase from the former one 
by such an amount as to cause complete destructive interference. 
In this way the aggregate effect may be seen to reduce to nothing, 
as the amplitudes from suitable pairs cancel each other. Why 
then is there a finite scattering in a lateral direction? 

Thermal motions cannot obviously be neglected. The 
dielectric spheres are moving hither and thither about their 
equilibrium positions and these movements cause a certain 
amount of fluctuation in the physical properties of the small 
volume elements about their mean values. This element of 
chaos results in a residual effect being left over as it may easily 
be shown that complete destructive interference is then not 
possible. In the continuum picture, this is equivalent to saying 
that the two volume elements which are expected to annul 
each other s effects need not be identical at a given instant 
of time and thus completely cancel each other’.s effects. In 
the latter picture, where the medium is regarded as composed 
of a large number of dielectric spheres, this is equivalent to 
saying that for every sphere there is not the absolute certainty 
of finding another exactly at the required distance as they have 
been ^ven a certain amount of freedom of movement. The 
result is that such fluctuations cause a residual amplitude to be 
left over and light is emitted in a lateral direction. With 
i^reasing fluctuations of this type, the intensity of the residual 
effect increases. If the motions of the dielectric spheres become 



FLUCTUATIONS AS THE CAUSE OF LIGHT SCATTERING 1 1 

more and more chaotic or more and more uncorrelated with 
each other, the fluctuations become increasingly prominent and 
the scattered light gains in intensity. This is the general explana- 
tion of the fact that, molecule per molecule, a gas usually 
scatters light more intensely than a liquid and the latter more 
intensely than a solid. Scattering of light is thus essentially a 
fluctuation phenomenon. 
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LAWS OF SCATTERING OF LIGHT 


Scattering by an Isolated Molecule treated as a Dielectric 
Sphere . — ^We have seen that a dielectric sphere, under the 
action of an incident oscillating electric field E, may be replaced 


by an oscillating electric intensity ^EV for purposes of 

calculating the secondary radiation that is emitted by it. e 
may be regarded as equal to unity if the particle is embedded in 

vacuum and it is easily seen that — will then represent 

the electric moment induced in an isolated molecule by the 

incident electric field. denoted by a and termed 

the polarizability of the molecule. aE is an oscillating electric 
moment and its maximum value will be aEo if E=EoCos2^vt. 
If we regard E as being confined to the direction OZ (see 
Fig. i of Appendix I) and the light is taken as incident in the ' 
direction OY, we obtain the expression for the m^n \ate of 
radiation from the molecule in a direction transverse to that 
of the incident fight by putting e®Eo^ — Eo^a® and d — 90° in’ 
equation (3) of Appendix I, as 






( 1 ) 


■The average energy contained in the incident light wave of 


amplitude Eo is however equal to ~ . Eo®. The radiation scattered 
"" ooz 

by each molecule iCptransverse direction when expressed as a* 
fraction of the ir?£ident energy is therefore given by 



The scattered radiation is polarized with the vibrations confined 
to the direction along which the incident electric intensity itself 
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acts. The corresponding amplitude may be written as 

4 ^ 




(3) 


where p is the actual moment induced by the incident electric 
field. Similarly, it may be seen from (4) of Appendix I, that the 
total energy scattered by each molecule is 



( 4 ) 


After substituting for co, this may be expressed as a fraction 
of the incident energy as 


mn^ 
31 * • 


( 5 ) 


It is easily seen from equation (2) of Appendix I, that in 
the direction OZ (6=0) the intensity of scattering is zero and 
as we proceed from OZ to OX, the intensity gradually increases 
to its maximum value given by (1). In the XY plane, the 
intensity is always given by (1) and is therefore independent of 
the obliquity of observation. If we use an incident unpolarized 
beam, it may be regarded as consisting of two independent 
vibrations, one along OZ and the other along OX each having 
an amplitude Eq. The aggregate effect in the direction of OX 
will still be given by (1) and the scattered light will be polarized 
completely, the vibrations being confined to OZ since the moment 
induced parallel to OX will not produce any effect in the direction 
OX. The incident energy is now twice that in the previous 
case and hence the radiation scattered by each molecule in a 
transverse direction when expressed as a fraction of the incident 

0^4 1 

energy will be only instead of the expression given 

by (2). On the other hand, in an oblique direction making 
an angle jS with the course of the incident light, the moment 
induced in the direction OX will give a component which is 
cos^jS times the component arising from- OZ. Thus we have 
for the total intensity in the oblique direction 

(l4-cos^;8)^\^V“^- -- 


( 6 ) 
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It may bd noted that the intensity in either the backward or 
nearly for\^ard directions is twice that obtained in the transverse 
direction. ' 

The state of polarization is perfect in the transverse direction, 
the intensity of the horizontal component being zero. The 
polarization of the scattered light gradually becomes imperfect 
till it attains the maximum imperfection (a state in which the 
intensity of the horizontal component is equal to the intensity 
of the vertical component) in the backward direction. If we 
define the depolarization of the scattered light, as the ratio 
of the intensity of the horizontal component to that of the 
vertical component, we can easily see that its value in any 
direction OX' (Fig. i of Appendix I) will be given by 

Qox' = (7) 

Equations (6) and (7) are the essential consequences of the 
theory outlined above. The outstanding results implied in 
these equations are given below as items 1, 2 and 3 : — 

1. The intensity of scattering is proportional to the 
square of the polarizability of the molecule. 

2. The intensity of the scattered light varies inversely 
as the fourth power of the wave-length, if we neglect 
the small dependence,’ if any, of the polarizability on the 
wave-length. 

3. Light scattered in a direction strictly transverse to 
the direction -of propagation of the incident beam exhibits 
complete polarization irrespective of whether polarized or 
unpolarized incident light is used. 

A Gaseous Assembly of Molecules . — In the foregoing 
section, theoretical expressions were derived only for the case 
of a single molecule. In the present section, it will be shown 
that the essential conclusions are not altered at all when the 
theory is extended to an assembly of gaseous molecules. It has 
already been remarked that the individual molecules through 
which the primary waves pass are to be regarded as secondary 
sources of radiation. If the molecules are arranged in a regular 
order and if they stick absolutely to their positions, the individual 
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effects may easily be compounded. The matter is, liotvever, not 
so simple when we come to consider the various seconclary waves 
starting from the different molecules of a gas. The Question of 
the existence or otherwise of a definite phase relationship between 
these secondary waves has been discussed at length by Rayleigh, ^ 
Larmor ^ and Raman In the case of a rarefied gas, we may 
regard the molecules as randomly distributed, the actual volume 
of the matter itself being a very small fraction of the total space 
occupied by the gas. These are precisely the conditions for the 
gas being termed ideal or for its conforming to Boyle’s law. It 
is obvious that the scattering centres are then spaced widely 
enough in relation to the wave-length of light so as to act 
as independent sources. Lord Rayleigh has shown that under 
such conditions, the expectation ^ of intensity in any direction 
is n times that due to a single centre, where n is the total 
number of centres. In such cases or in cases which appro- 
ximate closely to this ideal, all the intensity expressions and 
polarization rules derived in the foregoing section lor a single 
molecule continue to be valid. 

In this connection, we have to deal with the special case 
of scattering in the forward direction separately and consider 
it in greater detail. In such a case, a given layer, which is 
at right angles to the direction of propagation of the incident 
light, may be divided into a number of zones. The phase 
relationship that exists between the radiations emitted by the 
different molecules, lying in different zones, may easily be 
ascertained. To take a concrete example, consider a wave 
front meeting two molecules A and B belonging to a particular 
zone, the direction of propagation being Y'Y (Fig. 2). 


1 Scientific Papers, 3, 47 (1888) and 6, 565 (1918). 

2 Pliil. Mag., 37, 161 (1919). 

® Molecular Diffraction of Light (1922). 

.n expectation here stands for what we should expect as a mean 

• ^ Jesuit® obtained in a large number of trials. This does not at all 
imply that m any single trial, the result will be n times that obtained with one 
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The iih.cident wave that meets B is in advance of phase with 
respect to that which meets A. As a consequence, the secondary 



wave that is emitted by ^ is in advance of phase to the same 
extent in relation to the secondary wave emitted by A. In the 
forward direction, the wave starting from B would have had to 
travel a greater distance %nd suffer just the requisite amount 
of retardation so as to compensate for the advancement of 
phase which it had initially acquired. In this manner, we can 
easily show that so far as the forward direction or directions 
extremely close to it are concerned, the secondary waves starting 
from molecules in a given zone are all optically coherent. This 
result is unaffected by the closeness of packing of the molecules 
in the layer under question. 

In other directions, however, owing to the fact that the 
molecules are distributed at random in the gas, no such exact 
compensation of phase differences as would occur in the forward 
direction is possible. As a consequence of this special feature 
in the forward direction, in order to find the resultant effect, 
we are obliged to add up the amplitudes of the different secondary 
radiations and compound the result with the amplitude of the 
incident wave. Such a procedure results in a retardation of 
phase which may be identified with the refractivity of the medium 
and thus an important relationship between the refractivity and 
the scattering power of the medium may be deduced. 

The results 1, 2, 3 of the foregoing section were first deduced 
by Lord Rayleigh.^ He also made an experimental comparison 
of these conclusions with the actual state of affairs regarding 


^ Scientific Papers, 1 , 87 (1871). 
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the composition and state of polarization of sky tiight. Sky 
light, taken from the neighbourhood of the zenith, was compared 
with the direct sun-light diffused through a white pappr and the 
figures given in the following Table were obtained. The results 
calculated from (5) on the basis of a standard intensity for the 
incident light at different wave-lengths are alsc given for 
comparison. 

Spectral Region . . C D hs F 

Calculated . . 25 40 63 80 

Observed ..25 41 71 90 

The two sets of numbers are made to agree at C and the 
agreement between the calculated and observed values at other 
wave-lengths is very significant as it shows that the sky light is 
subject to the inverse fourth power law. It is therefore pre- 
sumably due to scattering by the molecules of the atmosphere. 

The variation of intensity in the scattered beam, implied 
in the above theory and similary calculated, is also represented 
diagrammatically in Fig. 3, taking the scattered light at A4000 
as 100. The preponderance of the blue and the rapid diminution 
in intensity of the longer wave-lengths in the scattered light is 
most striking. 

The relatively feeble intensity of the longer wave-lengths 
in the diffuse sky light, which is a consequence of the Rayleigh 
fourth power law, is taken advantage of in several instances of 
practical importance. Photographs of landscape or other 
objects which are illuminated by direct sun-light will exhibit a 
striking contrast against the background of the sky if a filter 
transmitting only the longer wave-lengths is used in the process. 
Wood’- obtained some of the earliest pictures of this type 
using a filter consisting of a tank of dense cobalt glass filled 
with a solution of bichromate of potash, which transmits the 
region between A6900 and 7400. ‘In these photographs the 
foliage appeared snow-white against a coal-black sky, and 

^ A very striking photograph of this kind is reproduced in Physical Optics 
( 1934 ). 
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distant mountains, completely obscured by haze in ordinary 
photographs came out clearly.’ 



Fig. 3. 


Relation between the Scattering Power, the Refractive Index 
and the Attenuation Coefficient. — ^It has already been mentioned 
that the compounding of the secondary waves, scattered in the 
forward direction, with the primary beam results in a retardation 
of phase which may be interpreted as refraction. Moreover, the 
transmitted beam should lose energy which is equal to that 
radiated by the molecules of the medium as scattered Ught. 
This loss is frequently referred to as attenuation in order to 
distinguish it from ordinary absorption. It is evident that 
these three phenomena, namely refraction, attenuation and 
light scattering must be closely connected with each other. 
First of all, we will calculate the damping term appropriate to 
the attenuation caused by secondary radiation by assuming 
that the rate at which the energy of the vibrating dipole is 
decreasing is equal to the rate at which it is radiating energy. 
We will then use the result to obtain the relation between 
attenuation and refraction. 
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Let a plane polarized light wave E = Boooslnvt be incident 
in the direction OY on a molecule. The electric vector is 
assumed to be parallel to OZ (Fig. i of Appendix 1). An 
oscillating moment, whose maximum value is given by Ze 
where Z is the amplitude of the vibrating electron, will be induced 
in the molecule. The appropriate expressions for the amount 
of radiation scattered by such a dipole and for the corresponding 
attenuation suffered by the incident beam as it goes past the 
molecule, may easily be obtained by studying the equation of 
motion of the electron. In forming the equation of motion, 
besides the sinusoidal external electric force 'Eacoslnvt and the 
elastic restoring force, we introduce a damping force propor- 
tional to the velocity at each instant to account for attenuation.^ 
This damping term is analogous to the one used for explaining 
light absorption but is different from it and may be termed the 
radiation resistance. The exact magnitude of the damping 
force may be calculated on the assumption that the rate at 
which the energy of the vibrating dipole is decreasing is equal 
to the rate at which it is radiating energy. The equation of 
motion may be written as o 

mz+mbz-h(Oo^mz = eEoe^‘“\ . . • - (8) 

The real part of represents the electric force, m is 

the mass of the electron and cu stands for Inv. coo is the natural 
frequency of the electron and thus enters the term for the 
elastic restoring force. As a solution of the above equation, 
we have 




iwt 


oio^—a>^-\-i(ab ' 


( 9 ) 


Thus the electron is thrown into forced vibration, the 
frequency being the same as that of the incident light wave and 
the displacement being confined to the direction of the electric 
vector in the incident light wave. The dipole moment is of an 


1 Ordinarily, a damping term is introduced to account for light absorption. 
This is of significance only when we are in the neighbourhood of an absorption 
band hut may not he considered if we are dealing with regions far removed 
from absorption bands. 
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oscillating type and has a value given by 


Ze = 




^cot 


coo^—(o^+icob 


( 10 ) 


The vibrating dipole emits radiation which is of the same 
frequency as the incident light. The intensity of the emitted 
radiation in different directions will be governed by expression 
(3) of Appendix I. An important fact to be noticed is that the 
amplitude Z of the dipole is less than Eo, the amplitude of the 
incident light wave. In the foregoing, it has been assumed 
for simpUcity that the molecule under consideration contains 
only one electron but the statements are quite general and 
apply even to the case of molecules having a larger number of 
electrons, all having, either identical or different natural fre- 
quencies. In order to obtain the dipole moment of each 
molecule, the right hand side of (10) has merely to be summed 
up over all the electrons. The maximum value of this moment 
may be written as Eoa, where 


a 


m 


coo^—co^ + icob 


( 11 ) 


(X has already been called the polarizability of the molecule 
and we see that it is a function of the frequency of the incident 
light. If CO is very small in comparison with coo, i.e., if we are 
dealing with regions far on the longer wave-length side of the 
natural frequency of the electron, a does not sensibly depend 

upon the incident frequency and is nearly equal to 

Q)o m 

The latter is the limiting value of the above function and is 
obtained at zero frequency or a static field. 

The equation of motion of the electron is given by (8). 
By solving this equation, we obtain (9) for the displacement of 
the electron. The real part of (9), which may be written as 

— Eocoscot 
m 


’ if the damping is small, represents the actual 
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displacement. Therefore, the velocity at any instant is given by 

—eco T. • 

EoSinot)^ 

rate of work done against the damping 

force is found by evaluating mh2 X ir as follows. 

i _ be^co^Eo^sin^cot 
TYIl)Z Z ““ / n 0\ O * 

m{a)o —0) ) 

The time average of this may be written as — 7 — ^ 

2m (coo — 01 r 

The rate at which the vibrating dipole is radiating energy is 
given by (see 4 and 11) 

3c® ' ‘ (ct)o® —0)®)®’ 

after neglecting i(ob in the denominator for a. Equating 
these two, we have for b 

, 2coV 


After substituting for co, we obtain 

= • (12) 
32® m 

Using the above value of radiation damping, we can now 
obtain a relationship between attenuation and refraction. The 
passage of a light wave along the Y axis through a non-absorbing 
medium may be represented by the equation 

E' = EoC . .. .. (13) 

At the origin (j=0), the displacement is that of the original 
light wave and is in the Z direction. It is given by E 
The term e~^'^ represents a diminution in the amplitude as the 
wave is passing and therefore corresponds to attenuation. The 
second exponential merely represents a retardation of phase 
corresponding to a refractive index n. Equation (13) may be 
rewritten as 

E' = 


where k' = — 
2n 
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Thus the phenomena accompanying the passage of the wave 
may be completely accounted for by assuming a complex 
refractive index equal to n—ik'. Such a complex refractive index 
implies a certain relationship between n and k' which may be 
deduced as follows. The complex refractive index may also be 
evaluated from the dipole moment induced in each molecule. 
Using (10), we obtain the following expression for P, the moment 
induced per unit volume. 




P = Sze 

V 


v.-.Eoe 
m 


V is the number of molecules per cubic centimeter of the medium 
which is supposed gaseous.^ The displacement vector D is 
obtained as 


D = E+47rP = E YH-4:7r . 
Dividing throughout by E, we have 


= in-ik'f = I+Ati . 


ve^ 

m 




m 


E * (OQ^—a>^+i(jc>b 

Since n is nearly unity for gases^, we have as an approximation 

n—ik' =1+271 . — . 


m ’ coo^—co^+icob 
Separating the real and imaginary parts, we have 


n 


2jt 


k’ 


COo —CO 


e^v 


m ' (coo^—co^y+co^b^ 
cob 


.. (14) 

m ’ {fof-m’f+mV 

If we neglect oo^b^ and retain only cob in the above expression, it 
may be written, after adopting the value of cob from (12), as 

k' = 2 — 1 

^ ‘ m ' 32 ® ' m ' {coo^—co^y 


1 V also stands for the frequency, but there is not likely to be any confusion. 
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Combining this with (14), we obtain 


k' 


.(n-iy = 


This tells us that apart from a change of phase in accordance 
with the second term of (13), the amplitude of the light wave is 
suffering an attenuation in accordance with the first term on 
account of the scattered radiation, the attenuation being given 
by the relation 

E' = Ee where k ■= • 


Squaring both sides, we may write 

r = where h = Ik. 

h is called the attenuation coefficient and is given by the relation 

. 32n^{n-\y 

J 

It may easily be seen from (5), after substituting for “j 

that this also represents the total angount of energy scattered 
away per unit volume of the medium. Tfii$ important relation- 
ship, showing the connection between the attenuation coefficient 
or the energy scattered by a layer of gas consisting of spherically 
symmetrical molecules and its refractive index, was first deduced 
by Lord Rayleigh in a slightly different manner. A complete 
discussion of this aspect of the subject has also been given by 
Lorentz.^ 

Disagreement between Experiment and Theory in Respect of 
Perfect Polarization. — If the view that the light of the sky consists 
largely of sun-light scattered by the atmosphere in accordance 
with the laws of molecular scattering, deduced in the foregoing, 
is correct, we should expect that besides exhibiting a blue colour, 
it should be perfectly polarized in directions transverse to the 
incident sun-light. Repeated and careful observations have, 
however, shown that there is a considerable imperfection of 
polarization in the light of the sky even when observations are 
made in the transverse direction. Much of this imperfection 


1 Scientific Papers, 4 , 397 (1899). 

2 Collected Papers, 3, 239 (1910). 
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may be attributed to disturbing factors such as dust, thin clouds 
or haze and the fact that the light illuminating the atmosphere is 
not merely the direct light of the sun, but also the hght diffused 
from the sky and from the earth’s surface, etc. In the case of 
sky light itself, it is no doubt very difficult to ehminate all these 
factors in practice but the very careful and pioneering observa- 
tions of Lord Rayleigh^ on a laboratory scale showed that 
light scattered in a transverse direction by dust-free air was far 
from being completely polarized. A perpendicular component 
whose intensity was about 4% of the parallel component was 
definitely observed and photographed. Even in the case of 
sky light, it has been found possible to obtain a reasonable 
estimate of the genuine part of depolarization by making 
observations at higher altitudes and on bright and clear days 
thus eliminating the complicating features to a large extent. 
The effect of secondary scattering has been considerably reduced 
by confining the observations to long wave-lengths such as are 
transmitted through a red glass. The effect of light reflected 
from the earth’s surface is corrected for, by utilizing the data 
available on the albedo of different types of landscape. Raman 
made observations on these lines at a height of 8,750 feet above 
the sea level and concluded that out of an observed depolar- 
ization of 13%, a sum total of 9% should be ascribed to the 
earthshine and secondary scattering, thus leaving a residual de- 
polarization of about 4% to be still accounted for. This 
residual depolarization is presumably of a molecular origin 
and is in good agreement with the observations made by 
Lord Rayleigh in the laboratory. 

Such an imperfection of polarization in the molecularly 
scattered light is by no means a consequence of the simple 
theory outlined in the foregoing pages. We should, on the 
other hand, expect to find perfect polarization. It is thus obvious 
that the theory as outlined so far is incomplete in some important 
respects. We now know that the explanation of this genuine 
depolarization of scattered light lies in, the fact that the molecules, 
which are the real scattering centres in the atmosphere on a 


1 Proc. Roy. Soc., 94, 453 (1918) and 95, 155 (1918). 
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clear day, are not spherical but are to be regarded in general as 
asymmetric. The simple theory of Lord Rayleigh has therefore 
to be adapted to the case of scattering by molecules which do 
not possess spherical symmetry. 

Anisotropy of Molecules . — ^The phenomenon of light scatter- 
ing may hereafter be pictured as a consequence of the incident 
light wave inducing an oscillating electric moment in a molecule 
which is optically unsymmetrical. The magnitude of this in- 
duced moment will be a measure of both the refractive index 
of the medium and its scattering power. We may write the 
equation 

p = aE 

where p is the moment induced, a the polarizability of the 
molecule and E the incident electric vector. It is correct to 
assume that a is independent of direction only in the case of 
spherically symmetrical molecules. In a general case, a will 
naturally be a function of direction and has to be regarded as 
a tensor of the second order. There will be three principal 
axes fixed in the molecule in respect of which equations of the 
typ® Px' = AEa,^ etc., hold good. This is a consequence of the 
fact that when the tensor components are expressed in this 
co-ordinate system, all the non-diagonal terms vanish. The 
diagonal terms that are retained may be denoted by A, B and C 
and termed the principal polarizabilities of the molecule. It 
is easily seen that when an incident light vector acts on the 
molecule along any of these principal directions alone, is the 
induced moment parallel to the incident vibration. In the general 
case, however, the incident vibration vector, does not coincide 
with the induced moment vector, with the result that a molecule 
under the influence of an incident plane polarized beam will 
scatter light having its direction of vibration slightly inclined to 
the original vibration vector. The scattered beam, under these 
conditions, will obviously exhibit a weak component in a direc- 
tion perpendicular to the direction of vibration in the incident 
beam. Molecules, differently oriented with respect to the 
incident vibration, will give weak components of different 
magnitudes and the aggregate effect is evidently the cause of the 
observed depolarization of the molecularly scattered light. If 
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the molecule is spherically symmetrical, the orientation does 
not matter at all and the induced moment and therefore the 
vibration in the scattered ray is always parallel to the incident 
disturbance. We will now treat the case of an asymmetric 
molecule in detail. 

Depolarization of Light Scattered by Anisotropic Molecules . — 
We will at first deal with a simple case as this will again be 
referred to in the subsequent chapters and then pass on to the 
general case. Moreover, the treatment in this case being much 
simpler, will prepare the ground for the more elaborate one. 
Let the molecules under consideration possess an axis of rota- 
.tional symmetry such that their polarizability ellipsoids are 
spheroids (A=B?^C). Let the principal axes of the polariz- 
ability ellipsoid, denoted by dashed letters, cut the surface of a 
sphere at X', Y' and Z' for a particular position S, cp of the 
molecule. The sphere is of unit radius and is drawn with O, 
the origin of the co-ordinate systems, as centre (Fig. 4). Z' is 
the axis of symmetry (A=B) and we can regard that the 
principal axes in this plane are represented by X' and Y' without 


z 



Fig. 4. 
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any loss of generality. The following table gives the cosines of 
the various angles. 



X 

Y 

Z 

X' 

COS 0 COS99 

COS 6 sin9J 

— sin0 

Y' 

— sin9? 

I 

C0S9? 

0 

Z' 

j 

sin0 COS99 

sin6 sin99 

cos6 


If the tensor components referred to the space fixed co- 
ordinate system are denoted by a^.^, their values for the 
particular position of the molecule are given by the set of 
equations (16). 

= cosXK' cosYY'.\.. .. (16) 

xY 

The coefficients (x.„J relate to the case where X Y Z coincide 
with X' Y' Z' and so we have 

2/ ~ ~ j ^zz ~ C j = a,,,/ = A. 

Since « is to be regarded as a symmetric tensor, no distinction 
need be made between terms like and or and etc. 
With the help of these relations and the Table of cosines, we 
can easily evaluate all the tensor components in (16). The 
components of p in terms of are given by (17) 

Px ~ Z" OCarj/ Ey . . . . . . (17) 

y 

and analogous equations for py and p.. In the special case 
where the vibrations in the incident electric vector are confined 
to the Z axis alone (plane polarized light incident along the 
OY axis), we have 

Pz = E, = (Ccos^e-l-A sin"6) E, 

py = a.y^ Eg = (C— A) sin0 COS0 sin^j . Eg. 

Py will obviously not exist if A and C are equal. If the scattered 
light is observed in the direction OX, p^ will be a measure of 
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the intensity^ of that part of the scattered light arising frorn a 
molecule 6, cp and polarized in the direction OZ, i.e., parallel to 
the incident vibrations. Py% on the other hand, will give the 
intensity of the part which is polarized in the direction OY, i.e., 
perpendicular to the incident vibrations. Any moment induced 
parallel to the direction OX will produce no intensity of scattering 
in the direction OX. It must, however, be remembered that in a 
volume of gas, there are molecules randomly oriented with all 
possible values of 6 and 9 ? thus giving rise to varying values of 
and Py. The average intensity per molecule in such a case 
will . be obtained by dividing the aggregate intensity by the 
total number of molecules. Denoting these averages by p/ 
and Py^, we have 

TT 27r 

. J j E/ (C cos^0+A sin®0)® sinddddp 


2 


0 0 


7T 2 tT 


J J sin0 dddcp 


0 0 


= ^ (3C'+8A2+4AC) 




2 


7T 27r 

I J E/ (C— A)^ sin^0 cos®0 sin® 93 . sin0 ddd(p 
0 0 


.r 27r 

J J sin0 d6dp 

0 0 
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(C-A)\ 


The depolarization of the scattered light in the transverse 
direction will therefore be 


P = 


Py 


(c-Ay 


^ ~ 3e+8A^+4AC' 


( 18 ) 


If unpolarized incident light is used, it may be regarded as 
consisting of an electric intensity Ea, in the direction OX in 


^ The actual intensity will be only proportional to but the constant 
will be omitted for the sake of brevity. 
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addition to the electric intensity in the direction OZ, each 
of them being equal* to- E. It is easily seen that the effect of 
such. an alteration will- be merely to add a term equal to (C— A)^ 
to both the numerator and denominator in (18). The depolariza- 
tion Q.U will be given by ^ 

2(C-Af 

^““4C2+9A2+2AC 

It may be noticed that in the process adopted for obtaining 
the aggregate effect, we have summed up the squares of the 
induced moments. This implies that the secondary waves 
arising from the different molecules are all optically incoherent. 
It has already been mentioned that such a procedure is justified 
and should be adopted only in the case of gases and for oblique 
directions. 

We shall now pass on to the general case. All special cases 
may be deduced therefrom with suitable modifications. Let 


z 



^ The suffix u is used here merely to distinguish this case from the 
previous one where the incident light was plane polarized with its vibrations 
taking place in a vertical direction (OZ). Hereafter, the suffix will be dropped 
and p should be taken as referring only to the case of unpolarized incident 
light unless otherwise specified. 
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0, (p, y} (Fig. 5) determine the orientation of a particular mole- 
cule. OX', OY' and OZ' are the principal axes of the polariz- 
ability ellipsoid and let the polarizabilities along these direc- 
tions be represented by A, B and C respectively. (bXYZ 
is the system of rectangular co-ordinates fixed in space. 
/U1 co-ordinate axes are represented by the points at which 
they cut the surface of a sphere drawn with O as the centre. 
The following relationships for the various cosines easily follow. 



X 

Y 

Z 

X' 

cos^ CQS<f> COS 6— sin^ sin^ j 

simp cos^-f cosi/f sinp cosO 

—sinS cosip 

Y' 

— sini/f cos^ cos^— cosiA sin^ 

cos»/[ cos<^— sinj/f sivKp cosO 

sinO sinp 

Z' 

sin^ cos(f> 

\ 

sin^ sin>i> 

cosd 


Let Ea,, Ey and be the components of the electric intensity 
E of an incident beam of light, in the directions X, Y and Z 
respectively. Denoting by p^, the aggregate component of the 
induced moment in the direction OZ arising from E^;, Ey and 
Ej, we have by analogy with (17) 

PZ ~ S a^yEy. 

The components may easily be evaluated as before with the 
help of equation (16) and the Table of cosines given above and 
p^ explicitly written as 

Ps. = — AEa: sin0 cosy (cosy cosy cos6— siny siny) 

— BE^ sin6 siny (siny cosy cos9-|-cosy siny) 

-fCEa; sin0 cosy cos0 

- ~AEj/ sin0 cosy (siny cosy+cosy siny cos6) 

-j-BEy sin6 siny (cosy cosy— siny siny cos0) 

+CE^ sin0 siny cos0 

H-AEj sin^6 cos^y+BEj sin^0 sin^y-fCE^ cos®0. 

It may be noted that the following relations hold good in 
this case. 

^xy — ^yz ~ — 0 j — A J a.yy' = B J = C. 
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will be a measure of the intensity of that part of the scattered 
beam in which the vibrations are restricted to the OZ direction. 
If there are a large number of randomly oriented molecules and 
if the light scattered by any one molecule is quite uncorrelated 
in phase with that scattered by any other, the average intensity 
per molecule is obtained in the usual way by evaluating the 
integrals in (20). 


A 


2 


TT %7l 27r 

J / i dddrpdip 

0 0 0 

TT 277 27r 

J I J sin 0 ddd^dip 
0 0 0 


.. ( 20 ) 


The limits of integration are obviously 0 and 7t for 0 and 0 
and In for cp and yj. The necessary averages for the trigono- 
metrical functions that occur in the expansion of (20) are given 
below. 


sin*0 = j%, 


sin^cp — cos*(p = sin^ip = cosSp = 

= cos®97 = sin^^ = cos^yi = sin^r/? cos^cp — sin'^i/^ cos“?/; = I-. 

The averages of all odd powers vanish. Expansion and sim- 
plification of (20) give (21). 

^ = E/{KA^+B^+a)+A(AB+BC-f-AC)} 

+(E,HE/){^5(A^-bB^-be-AB-BC-AC)l. (21) 

It may easily be shown by a similar treatment, or inferred from 
considerations of symmetry, that 

J} = E^2{KAHB^+a)+A(AB+BC+AC)} 

-b (E/ + E/) { *(AH B ^ -f a - AB - BC ~ AC) } (22) 

= E/{KAHBHC^)-l-xMAB+BC-bAC)} 

-b(E/-bE,^){TMA"-bBHC^-AB-BC-AC)} . (23) 

Special Case No. 1. — Let plane polarized light (E~ = E, 
E2y=0, Ea=0) be incident in the direction OY and the observa- 
tion be confined to the transverse direction OX. The molecule 
is characterized by Aj^Bt^C. Substituting in (21) and (23), 
we have 
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= E2{ i(A2+B*+e)+TMAB + BC+Vc)j 


Py^ = E"{t\(A^+B^+C^-AB-BC-AC)}. 

If the depolarization of the scattered light is denoted by 
we have ^ 

_ A^+B"+a-AB-BC-AC 

p} ~ 3(A2+B^+C2)+2(AB+BC+AC)‘ ^ 

If we further denote |(A+B+C), the mean polarizability of 
the molecule, by a. and introduce a new parameter y® in the 
place of A^+B^+C^— AB— BC— AC, may be alternatively 
written, after a shght readjustment, as follows : , 




Ay" 


a"+Ay" 


(24a) 


Special Case No. 2. — Let us consider the case in which 
the polarizability ellipsoid of the molecule is a spheroid 
(A=B 5 ^C), other conditions remaining the same as in No. 1. 
We have 


pa 

p/ = ^{8A"+3C^+4AC| 


p/=|”(C-A)‘ 

^ (C-A)- 

8A^+3C"+4AC' 

This result is identical with that already deduced (see equation 
18), Here again, the mean polarizability a, will be represented 
by ^(2A+C) and the parameter will reduce to (C— A)^ 
and we may write in the alternative notation as 

= Ay" 
oc^+Ay" ■ 

Special Case No. 3. — Let unpolarized light (E,.,=E, E,/=0, 
E^=E) be incident in the direction OY and the observations 
confined to the transverse direction OX. The molecule is 
characterized by Aj^Bt^C. The depolarization q will be given by 

_ 2(A^+B2+C^-AB-BC-AC) 

^ 4(A^+B^+C^)+AB + BC + AC • •• ^ 


3 
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In the alternative notation, this may be written as 

6 -,2 

— 

^ 


(25a) 


Special Case No. 4. — Let us now consider the case in 
which the polarizability ellipsoid of the molecule is a spheroid 
(A—B 9 ^C), other conditions remaining the same as in No. 3. 
We have 

2 (C-A)" 

^ 9A^+4C"+2AC‘ 


This result is identical with that already deduced (see equa- 
tion 19). In the alternative notation, this reduces to (25a). 
It may be noted that when the molecules are optically spherically 
symmetrical (A=B=C), the depolarization reduces to zero in 
all the above cases, as it ought to. All these special cases could 
also have been deduced, each separately, by methods less ela- 
borate than that employed for the general case. 

Intensity of Light Scattered by Anisotropic Molecules . — It 
has been shown (equation 5) that for spherically symmetrical 
molecules, the scattering power is proportional to a“. If L 
and I 2 are the intensities of scattering by two different gases, 
both at N.T.P., it is obvious that 

I2 («2— 1 )*“’ 


where and n% are the refractive indices of the two gases 

respectively. This follows from the fact that a = — zJ. and 

Anv 

n is nearly unity. This equation has to be slightly modified 
in the case of a gas consisting of anisotropic molecules. (25a) 
tells us that in such a case, the total intensity of the scattered 
beam, when unpolarized incident light is used, is enhanced by a 
term equal to Hy® for every It may easily be seen 
from (25c) that the following relationship exists between a, 
y and q. 


42 

¥ 5 / 


13^0,^ 

6=^- 


( 27 ) 
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Adding ify® for every and using (27), we may rewrite 
(26) as follows : 



It has already been shown that when unpolarized incident light 
is used, the intensity of the light scattered in a transverse 
direction, when expressed as a fraction of the total intensity 

of the incident light, is (see equation 6) for isotropic 

molecules. Enhancing this by an amount equal to Jly® for 
every we have the following equation for I, the intensity 
of the light scattered, per unit volume of a gas consisting of v 
anisotropic molecules, in the transverse direction when expressed 
as a fraction of the total energy lo in the incident unpolarized 
light. 


8?^ f a 13g _ 8jr*mY6 + 6g \ 

lo "^6-70“ ) ~ [6-7qJ‘ 


( 29 ) 




Chapter IV 


EXPERIMENTAL RESULTS IN GASES AND 
COMPARISON WITH THEORY 

Introduction . — With the phenomenal development, in the 
hands of Lord Rayleigh, of the theory of light scattering by 
molecules, the conviction that the sky light and its imperfection 
of polarization are only consequences of molecular scattering 
grew stronger and the great importance of carrying out experi- 
ments on the subject of light scattering in gases in the labora- 
tory was soon realized. On account of the extreme feebleness 
of the scattered light, numerous difficulties confronted the 
investigators. Cabannes^, for the first time, observed the 
genuine scattering by dust-free air in the year 1915. Three 
years later. Lord Rayleigh^ made systematic investigations on 
the subject and worked with several other gases besides air. 
A large amount of literature relating to the measurements 
of depolarization and intensity of the light scattered by gases 
has appeared subsequent to these pioneering investigations. 
Many important questions that have arisen from time to time 
relating to the experimental technique have also been discussed 
at length. From the point of view of the present section, the 
subject may be divided into two portions, namely, work done 
prior to the discovery of the Raman effect and work done 
subsequent to it. Amongst the earlier investigators, the names 
of Cabannes, Rayleigh, Wood, Smoluchowski, Gans, Raman 
and collaborators may be mentioned. During the latter 
period, the main workers were Parthasarathy, Ananthakrishnan 
and Volkmann. Although the various investigators cited above 
had much in common from an experimental point of view, it 
may be remarked here that the more recent authors had to bear 
in mind the fact that the entire subject of the depolarization 
of scattered light took a new and important turn since the 

1 Comptes Rendus, 160 , 62 (1915). 

2 Proc. Roy. Soc., 94 , 453 (1918). 
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discovery of the Raman effect. As a result of this increased 
significance, the experimental technique has greatly been 
improved and the main issues involved therein considerably 
clarified by these authors. 

A Brief Description of the Experimental Arrang'ements . — 
Before we discuss the experimental details and their significance, 
we may briefly describe here the arrangements originally 
employed by Cabannes and by Lord Rayleigh. Fig. 6 
represents the apparatus used by Cabannes. S is a quartz 



mercury lamp situated at a distance of 20 cms. from a condens- 
ing lens Li which is made up of a pair of plano-convex quartz 
lenses, the. combination having a focal length of 10 cms. R is 
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the container for the gas. F and D are apertures. Qi and Q 2 
are quartz windows which permit the passage of incident and 
scattered beams respectively. Lg is a large aperture quartz lens 
used for the purpose of photographing the scattered beam. A 
double image prism is placed in the path of the scattered beam 
between Q 2 and L 2 so as to separate the vertical and horizontal 
components. The apparatus and the illuminating arrangements 
are each enclosed in separate boxes so as to prevent fogging of 
the photographic plate by the action of direct light. 

The arrangements in Lord Rayleigh’s experiments are 
essentially similar and are shown in Fig. 7. The container is a 


F 



DOUBLa /MAGe P>RlSM 


ORAOUAT£D ORAO/Ty SCA L’i\ 

A>HoroGRAPHtC RLATE .^7^" ~ 

Fig. 7. 

cross of brass tubing having an internal diameter of \ \ inches. 
The inside is blackened. The beam is incident along AC and 
the scattered light is observed through D. Before it is photo- 
graphed, it passes through a double image prism which separates 
the vertical component in the beam from the horizontal one. 
The tube E, whose end is closed with a blackened brass disc 
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F, affords a black background against which the track is viewed 
or photographed. Diaphragms are inserted at suitable places. 
A carbon arc taking a current of about 25 amperes and giving a 
large intensity is used as the illuminating source. The radiation 
from the positive crater of the arc is rendered parallel by means 
of a plano-convex lens of 4 inches focal length. 

From the descriptions given above, it will be noticed that 
amongst the features which are of importance to an experimenter 
in this subject are: (i) source of radiation, (ii) method of 
illumination, (iii) container for the gas, (iv) suitable back- 
ground and elimination of parasitic light, and (v) method of 
observation. These points will be dealt with and discussed 
individually in the following pages. 

Source of Radiation. — ^All sources of radiation used so far 
by different investigators fall into two clas.ses, namely, sun-light 
and artificial sources. The intensity of sun-light when con-, 
centrated with a large aperture lens exceeds considerably that of 
any artificial source and thus there is a distinct advantage in 
using sun-light when working with weakly scattering substances 
such as gases. On the other hand, the fact that it is not available 
in all seasons and at all times of the day and the fact that it is 
often of a very fluctuating character render it somewhat unsuit- 
able for this type of work. Nevertheless, it has been employed 
by Cabannes in his later investigations and very extensively by 
Raman and his collaborators in India. 

Amongst the artificial sources, mention may be made of 
the mercury arc and the carbon arc. It has already been 
mentioned that a mercury arc was used by Cabannes (Fig. 6) 
in his earliest investigations, whereas Lord Rayleigh used a 
carbon arc (Fig. 7). Amongst other useful sources are the 
pointolites of various types. While these artificial sources 
possess the advantage of having a more or less constant intensity 
and of being capable of service at all times, they are never of 
such a large intensity as concentrated sun-light. 

Method of Illumination with Special Reference to Con- 
vergence Correction. — As has been mentioned in the foregoing 
paragraph, it is practically impossible to get a beam of light of 
sufficient intensity for purposes of light scattering work without 



METHOD OF ILLUMINATION 


41 


using a condensing lens of some kind. All formulae 
derived hitherto apply only to directions which are strictly 
transverse to the direction of propagation of the incident 
beam. In order that a satisfactory and rigorous comparison 
between experiment and theory may be possible, observations 
must be confined to transversely scattered rays only. This is 
possible in practice, only if we use a parallel beam of light for 
purposes of illumination ; but a parallel beam of any kind, artificial 
or natural, cannot be obtained with the requisite intensity 
particularly when we are, working with gases. Usage of a 
condensing lens on the other hand, while furnishing increased 
intensity at the focus, involves convergent rays. Observations 
at the focus, even when confined to a lateral direction with 
respect to the axis of the lens, include rays scattered in a direction 
other than transverse and thus the. observed results are no longer 
comparable with the conclusions of the theory. The error 
will naturally depend on the extent of convergence, which in its 
turn will depend on the aperture of the condensing lens. It 
is thus seen that a condensing lens of a large aperture, while 
being an advantage from the view-point of intensity, is a 
distinct disadvantage from the view-point of convergence 
errors. In this respect, we must also bear in mind that there 
is an important difference between sources such as sun-light, 
carbon arc, pointolites, etc., on the one hand, and the mercury 
arc on the other. In the first type of sources, the rays are all 
symmetrically disposed around the axis of the lens, whereas 
in the latter they are not so disposed. The finite size of the 
source and the image cause an additional complication and the 
problem of convergence correction becomes more difficult of 
solution. 

The whole question of convergence correction is of utmost 
importance, particularly when we are dealing with depolarization 
factors which are' relatively small such as are met with in gases. 
Cabannes,^ Ramanathan and Sreenivasan,^ Gans,® Ramakrishna 


1 Ann. d. Physique, 75, 113 (1921). 

2 Phil. Mag., 7, ,493 (1926). 

8 PhysikalZ., 28 , 661 (1927). 
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Rao ^ and Ananthakrishnan ^ are amongst those who have 
tackled this problem but there has been a considerable amount 
of divergence of opinion regarding the magnitude of the error 
arising on this score. There has been no agreement even on 
the important and fundamental question as to the existence or 
otherwise of any error due to convergence, not to talk of its 
magnitude. 

For instance, Ramakrishna Rao concluded that if ob- 
servations are made precisely at the focus of a condensing lens, 
it is unnecessary to correct for convergence errors. On the 
other hand, Gans was of the opinion that there is a finite and 

appreciable correction to be applied amounting to , where Q 

is the semi-angle of convergence. The view-points of these two 
investigators are entirety different. The former assumed that 
the individual rays meeting at the focus of a lens are optically 
coherent whereas the latter assumed that they are incoherent. 
Ramakrishna Rao made some experimental observations on the 
depolarization of scattered light in pentane and carbon tetra- 
chloride, condensing the incident light with a lens of 3 inches 
diameter and 12 inches focal length. He obtained the same 
values of depolarization with apertures of the lens equal to 3 
inches, 2 inches and 1 inch respectively giving semi-angles of 
convergence 7°, 4-6°, 2-3°, thus supporting his contentions that 
the depolarization factor, when observations are made at the 
focus, is independent of the extent of convergence. On the 
other hand, observations made by Caban nes ^ with varying 
angles of convergence showed that the depolarization is subject 
to a definite correction on the score of convergence when 
condensing lenses are used. His results did not, however, 
quantitatively support the expression derived by Gans but 
showed that the convergence correction was somewhat smaller, 

being of the order of . 


1 Ind. Jour. Phys., 2 , 61 (1927). 

2 Proc. Ind. Acad. Sci., 2, 133 (1935). 

® La Diffusion Moleculaire de La Lumiere (1929). 
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Ananthakrishnan has also recently carried out extensive 
experimental investigations, choosing isobutane gas as a standard, 
because it exhibits a low depolarization value and at the same 
time possesses a large scattering power. The results obtained 
by him with a high class condensing lens in combination with an 
adjustable iris diaphragm are given below in Table I. 


Table I 

Convergence Correction 


Convergence of 
the incident 
beam 2Q 

Observed 

depolarization 

P 

Correction 

1 

Corrected value 
of depolarization 

P 

Degrees 

29°48' 

Radians 

0-520 

4-04% 

3-38% 

0-66% 

19“48' 

0-346 

2-27% 

1-45% 

0-82% 

9=54' 

0-173 

1-06% 

0-37% 

0-69% ■ 


The fact, that the value of q as observed varies considerably 
with varying apertures, shows that there is an unmistakable 
convergence error. The fact, that the value of q obtained after 

correcting for the term remains more or less constant, shows 

that the correction applied is of the right order, of magnitude. 

From the point of view of theory, both Cans and 
Ananthakrishnan have considered this problem in some detail. 
Gans assumes that the rays coming from different portions of a 
converging lens are incoherent when they are brought to a focus 
and his treatment of the problem is given in Appendix 11. He 

Q2 

arrives at the result that a correction amounting to ^ , where Q 

is the semi-angle of convergence, has to be applied in every 
case. Unlike Gans, Ananthakrishnan makes the assumption 
that the rays starting from a given point on the source are to be 
regarded as coherent when they are brought to a focus at the 
conjugate point by a condensing lens. In such a case, it may be 
shown that the contentions of Ramakrishna Rao are correct, 
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provided we are able to observe the scattering only at the 
interference maxima. At the interference minima, the resultant 
vector is, however, turned round and is no longer parallel to the 
original vibration vector and the state of polarization of the 
scattered light is therefore reversed. In practice, owing to 
various complications such as the excessive closeness of the 
interference bands, it is not possible to isolate the scattered light 
emanating from the region of interference maxima alone from 
the rest. Accordingly the effect observed in the usual way is 
that averaged over the whole field. We shall not go into the 
details of Ananthakrishnan’s treatment but only point out that 
when such an averaging is performed in theory, having due regard 
to the distribution of intensity in the field, exactly the same 
results are obtained as have been obtained by Gans on the 
assumption that the rays are altogether incoherent. 

It has also been noticed by Ananthakrishnan, that as a 
condition for the validity of the above treatment, it is necessary 
that every part of the lens is ecjually effective at any given 
point in the focal plane where there is any appreciable intensity. 
Such a condition is satisfied to a reasonable extent only by high 
class lenses and it is therefore necessary that a really good 
quality lens be used in experiments on light scattering so that 
the convergence error may be calculated and corrected for 
definitely. It thus appears that both experimental and theore- 
tical evidences are now overwhelmingly in favour of applying 
a correction on the score of convergence. We may conclude 
that the best method of illumination is to condense sun-light or 
light from a brilliant point source (preferably sun-light) with a 
good quality lens and confine the observations to the focal 
plane. Values of depolarization so obtained should be sub- 
jected to a correction to the extent of ~ where Q is the semi- 
angle of convergence. 

Container for Gas.~T\iQ containers that are suitable for 
these investigations may broadly be divided into two classes, 
namely, crosses and bulbs. Both metallic and glass crosses 
have been constructed and also bulbs of different shapes have 
been tried from time to time. A typical example of a metallic 
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cross has already been described when dealing with the earlier 

work of Lord Rayleigh. Raman and 
collaborators have used metallic crosses 
of different types. A noteworthy modi- 
fication of the principle of the cross has 
been introduced by Raman and Rama- 
nathan^ for the study of the scattering of 
fight in compressed gases. They con- 
structed a container of the shape shown 
in Fig. 8, consisting of a massive solid 
steel cylinder 20 cm. long and 6-5 cm. in 
diameter, in which two holes at right 
angles to each other were bored. The 
ends A and B, which served as the 
illumination and observation windows 
respectively, were sealed with conically 
ground glasses. A pin valve was fitted 
to the end D and the opening at C was 
closed up. To secure a good background, 
a plate of black glass M was fitted at an 
angle of 45° inside the cylinder. Gases 
at pressures up to 100 atmospheres could 
be held in this container. Raman and 
Ramanathan studied the scattering of 
fight in carbon dioxide for the first 

time at such pressures. 

Improved forms of metallic crosses, suitable for the study of 
the depolarization and the intensity of light scattering in gases at 
high pressures, have subsequently been devised by Bhagavantam “ 
and by Weiler.® Bhagavantam’s apparatus is shown dia- 
grammatically in Fig. 9. Four strong steel tubes are screwed on 
to a rectangular steel chamber in which two holes are drilled at 
right angles to each other. They serve to connect the two 
pairs of opposite tubes, making the apparatus resemble a hollow 

1 Proc. Roy. Soc., 104 , 357 (1923). 

^ Ind. Jour. Phys., 7 , 107 (1932). 

3 Ann. d. Phys., 23 , 493 (1935). 
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cross. Light enters through steel tube 1 and passes off into the 
opposite tube without striking any of the walls and is absorbed 



by a suitably placed black glass at the other end. The scattered 
light emerges out through the tube 2 and is taken into the 
spectrograph. Opposite the observation tube is another inclined 
black glass B so that any light that may get to the back by 
reflection at the walls is partly absorbed and partly reflected 
away from the slit of the spectrograph. Tubes 1 and 2 are 
provided with glass windows, | inch thick, for the entry and the 
exit of the light. These are held between thick rubber washers 
to prevent leakage of gas. In the figure, the glass window is 
indicated by G, rubber washers by R and an iron washer by m. 
All_ these are contained in a metallic ring M, the purpose of 
which IS partly to prevent spreading out of the rubber when 
squeezed.^ They are screwed on to the steel tube by a nut of 
suitable size. Two apertures Ai and Ag in the tube through 
which the incident hght passes and one, A^, in the observation 
ube serve the very useful purpose of preventing the light from 
falling directly on the walls of the steel chamber and giving rise 
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to parasitic light. The gas is admitted through a pin valve V 
after evacuating the whole apparatus and the pressure is read on 
a gauge attached to the pin valve. Pressures up to 75 atmos- 
pheres can be used in this apparatus. 

Weiler’s apparatus is shown in Fig. 10. A steel block M 
(100x100x120 mm.) is bored through at right angles and 
transparent glass windows are provided at three holes B, E 
and E. The latter two serve for illumination and B is for 
observation. The glass windows are 15 mm. thick and have a 
diameter of 40 mm. V represents the volume of gas which 
scatters the light and is about 20 c.c. A closed tube H of 20 cm. 
length provides the necessary background. The pressures are 
read through a gauge reading to 0-2 atmospheres and the 
temperatures through a thermometer reading to 0-2°C., both 
fitted into the cross. Pressures up to 80 atmospheres have been 
reached with this apparatus. 


slit 



Fig. 10. 


Cabannes constructed the first glass cross (Fig. 11) which 
is made up of two identical tubes, each having an internal 
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diameter of 3 cms., the total capacity of the cross being 300 c.c. 

The investigations could 
thus be extended also to 
vapours which are either 
not available in large quan- 
tities or which cannot be 
used in metallic containers 
on account of their chemi- 
cal action on the metal, 
paints, etc. Ramanathan 
and Sreenivasan ^ used glass 
bulbs of special shape (Fig. 
12) into which light was 
admitted from the side at 
A and the scattered beam 
examined through the front 
portion at B. Ramakrishna 
Rao ^ modified the form of 
the central portion of the bulb and showed that it was 




an advantage to have it ellipsoidal instead of spherical as in 
the former case, light reflected from the sides is avoided more 
effectively than in the latter. Amongst the more recent in- 
vestigators, Parthasarathy * and Volkmann ’ used metallic 


^ Proc. Ind. Assoc. Cult. Sci., 9, 203 (1926). 
2 Ind. Jour. Phys., 2, 61 (1927). 
s Ibid., 7, 139 (1932). 

* Ann. d. Phys., 24, 457 (1935). 
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crosses similar to the older types, whereas Ananthakrishnan ^ 
constructed glass crosses of a much larger size and improved 
pattern. Ananthakrishnan closely examined the relative merits 
of the two types of containers and came to the conclusion that a 
glass cross with suitable apertures and flat windows was to be 
definitely preferred to a bulb of any shape for accurate depolari- 
zation work. 

Suitable Background and Elimination of Parasitic Light. — It 
is of utmost importance to avoid scrupulously light being 
reflected directly into the observer’s eye, as even a very small 
fraction of it would considerably vitiate the results regarding the 
depolarization measurements. The following precautions have 
to be taken for this purpose. In all metallic containers, suitable 
apertures must be provided (Figs. 7 and 9), a dull black glass 
whose plane is inchneid at 45° to the direction of observation 
must be included in the arm opposite the observation window so 
as to furnish a dark background (see M in Fig. 8) and this arm 
must be made as long as^j>ossible consistent with the other 
dimensions. The inside of the cross may be painted black if 
the chemical nature of the gas under investigation permits it. 
In all glass containers, suitable blackened apertures should be 
provided at the proper places and the apparatus painted black on 
the outside. The arm opposite the observation window should 
be drawn out into the shape of a horn so that any radiation 
reaching this end may be totally absorbed within the horn by 
repeated reflections. In the case of bulbs, special care must be 
taken to paint all the outside of the bulb black, leaving only 
three windows, one for illumination, one for exit of the illuminat- 
ing beam and another for observation. 

Method of Observation. — For the measurement of the depo- 
larization of the scattered light, two distinct methods, namely, the 
photographic and the visual, may be employed. In the original 
investigation of Lord Rayleigh, which is typical of the photo- 
graphic method, a double image prism in the path of the scattered 
beam separated the horizontal and the vertical components 
from each other. The two beams thus separated fell on a 


1 Proc. Ind. Acad. Sci., 2, 153 (1935). 
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photographic plate in front of which was another glass plate on 
which an opacity scale had been formed earlier (see Fig. 7). 
The stronger or the vertical component had to pass through 
the less transparent portions, while the horizontal or the weaker 
component was made to pass through the more transparent 
portions of the front glass. A series of exposures was made, 
moving the opacity scale along, and the particular opacity which 
approximately equaUzed the intensities was easily decided upon 
after development. In this way the ratio of the horizontal to 
the vertical component was determined for a series of gases. 

Cabannes also measured the depolarization factors by the 
photographic method. He replaced the opacity scale by a nicol 
which could be rotated on a graduated circle. The two com- 
ponents of the scattered beam passed through the nicol and the 
nicol was rotated by trial to such a position that the two images 
were recorded with equal brightness. If V and H represent the 
intensities of the two components which aredo be compared, it is 
easily seen that there will be four positions of the nicol in which 
the two components will appear equally bright. If 20 represents 
the angle between two such positions, situated symmetrically 
with respect to the horizontal vibration direction, we have 

V sin^e = H cos^d or ^ ^ = tan^0. 

Instead of photographing the two images, one can easily 
make a visual examination and find the required positions. 
Several readings of 26 are usually obtained and the average 
value taken. In the more recent investigations, the visual 
method has practically replaced the more elaborate photographic 
method. The images must be clearly separated without any 
trace of overlapping and viewed against a perfectly dark back- 
ground. For obtaining the best results, they should be neither 
too intense nor too faint. 

In the matter of measuring the intensity of the scattered 
fight also, both photographic and visual methods may be 
employed. In the visual method, first used by Lord Rayleigh, 
the scattered fight was viewed through a telescope and a white 
surface inclined at 45° was placed in its focal plane and arranged 
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SO as to cover lialf the field. This white surface was illuminated 
by a beam derived from another white surface exposed to the 
same arc as was used Ho illuminate the gas. The colour of the 
direct light was made to match with that of the scattered light by 
inserting a pale cobalt glass in the path of the comparison beam 
and its intensity was made to match by inserting a photometric 
wedge. Any fluctuations in the intensity of the illuminating 
arc did not matter as the scattered beam and the comparison 
beam were both affected equally. Different gases were compared 
with air by suitably adjusting the pressures so as to give the 
same wedge reading. Assuming proportionality between the 
intensity of scattering and the pressure of a gas, the relative 
scattering powers of different gases were easily estimated. 

Lord Rayleigh developed a photographic method also. In 
this method, the scattered beam in the gas possessing the lesser 
scattering power was first photographed with the lens at full 
aperture. The scattered beam in the other gas under comparison 
was then photographed on the same plate in a series of exposures, 
by keeping the time of exposure constant but varying the aper- 
ture of the lens. The diminution of aperture, necessary for 
reducing the intensity of scattering in one gas to match with 
that of the other, was obtained from the photographs with the 
help of a photometer. The ratio of the scattering powers is then 
deduced by comparing the areas of the apertures used. ^The 
success of the method obviously depends upon the constancy 
of the intensity of the source. Lord Rayleigh used a quartz 
mercury arc which was run long enough before beginning the 
exposures to have attained a steady state. Methods employed 
subsequently by other investigators are not essentially different. 

Details of a Complete Apparatus. — ^After having discussed 
the various points involved in fixing up a suitable experimental 
technique for examining the scattered fight in gases, we shall 
now describe the details of an apparatus recently used by 
Ananthakrishnan. This combines in it the advantages of all 
the older methods and has been evolved with due regard to all 
the important issues raised in the foregoing pages. The essential 
features are given in italics. The apparatus (Fig. 13) consists 
of a cross made of pyrex glass of about a litre in capacity. The 
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glass tube employed has an internal diameter of 4 cms. and 
three of the arms are each 20 cms. long. The fourth arm, which 
is opposite the observation side, is longer and is drawn out and 
bent into the shape of a horn. To the end of the horn is attached 
a pyrex stop-cock for the admission of gas into the cross. 
Suitable diaphragms of oxidized brass are put at proper places 
inside the cross so as to ensure the most complete elimination of 
parasitic light. The apertures in the diaphragms have a diameter 
of about i inch. The surfaces of the diaphragms are rendered 
black by immersing them in an ammoniacal solution of copper 
carbonate. The open ends of the three arms are closed by 
fusing specially chosen, strain free, flat, pyrex glass plates. 
The outside of the whole cross, excepting the end windows, is 



painted dull black. Observations are made inside a dark cabin. 
Sun-light is used for illumination. A Dallmeyer photographic 
lens of adjustable aperture, and focal length 12 inches, serves to 
concentrate the sun-light at the centre of the cross. The gases 
are admitted into the cross through a tube of anhydrous phos- 
phorus pentoxide and a long plug of compressed cotton wool 
after evacuating the whole system. Rubber connections are 
avoided- as far as possible. Depolarization measurements are 
made visually by the Cornu method. A correction for convergence 
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amounting to 




where Q is the semi-angle of convergence, 


is always made. 

Depolarization Factors and Optical Anisotropy . — Cabannes 
has given an excellent summary of all the experimental results 
that have been obtained prior to 1929. In Table II, we shall give 
the values adopted by Cabannes in his book along with the 
more recent determinations of Parthasarathy, Ananthakrishnan 
and Volkmann. A new parameter d, which has to be regarded 
as a measure of the optical anisotropy, may be introduced at 
this stage, as it will be of use in the succeeding chapters. The 
significance of the new parameter and the relation which it bears 
to those already introduced are given in equations 1 , In and 2 . 
la relates to the case where A = B 5 ^ C and may be obtained 
from 1 by putting B = A in it. In either case d = y^l9cF. 
Since q is given by (25) of chapter III, relations (2) easily follow. 
All the figures given in Table II relate to unpolarized incident 
light and refer only to the gaseous or vapour states. 5 cal- 
culated with the help of ( 2 ) from the observed values of q is also 
given in the Table for each one of the molecules. 


d = 
d = 

Q = 


A^+B^-f-C'-AB-BC-AC 
. (A-hB+C)^ 

(A-C)^ 

(2A-bC)2 

6a 4 c_ 5^ 

5+ld ^ 6-7 q 


( 1 ) 

(In) 

( 2 ) 


It may be noted that the most probable values of q for two 
important cases, namely argon and methane, have been given 
as zero. This conclusion is based on the recent work of 
Ananthakrishnan and Volkmann. In the case of argon, 
although Ananthakrishnan gave the value as 0-42, he expressed 
the opinion that in all probability it was due to impurities. 
In the case of methane, Ananthakrishnan’s value is quite small, 
much smaller than any given hitherto, whereas Volkmann 
actually gives it as zero. This removes a long standing difficulty 
in respect of the origin of the optical asymmetry in an apparently 



Table II* 

Depolarization of Light Scattered by Gases and Vapours : IOO5 

Section i 


Substance 

Formula 

Value adopted by 
Cabannes 

Parthasarathy 

Ananthakrishnan 

Volkmaim 

Best representa- 
tive or most 
probable value 

0 

X 

C/A 

Atoms : 










Argon 


A 

0-5 

0-56 

0-42 


0 

0 

1 

Diatomic homopolar molecules : 









Hydrogen 


Ha 

2-7 

2-57 

. . 

0-9 

7 

. . 


Nitrogen 


Na 

3-6 

3-55 



3-6 

31-3 

hk 

Oxygen 


O 2 

6*4 

6-50 



6*5 

58-6 

1-95 

Chlorine 


CI 2 

4*3 

4-07 



4-1 

35-9 

1-70 

Air 


. . 

4-15 

4-15 



4-2 

36-8 


Diatomic heteropolar molecules : 









Nitric oxide . . 


NO 

2-6 

2-68 


, . 

2-7 

23-2 

1-54 

Carbon monoxide 


CO 

2-1 

1-30 



1-3 

11-0 

1-35 

Hydrogen chloride 


HCl 

0-7 

0-71 



0-7 

5-9 

1-25 

„ bromide 


HBr 


0-84 



0-8 

6-7 

1-27 

„ iodide 


HI 


1-27 



1-3 

11-0 

1-35 

Triatomic molecules : 










Carbon dioxide 


CO 2 

9*8 

9-72 


7-24 

9.7 

9M 

2-30 

„ disulphide 


CSa 

11-5 

. . 


. . 

n-5 

110-7 

2-50 

Nitrous oxide 


NaO 

12-5 

12-47 

12-95 

10-2 

12-5 

122-0 

2-61 

Carbonyl sulphide 


COS 


8-77 


, , 

8-8 

81-7 

2-19 

Water* 


HaO 

2-6 

. , 


. , 

20 

17-1 

, . 

Hydrogen sulphide 


HaS 

1-0 

0-93 

0-30 

, , 

0-3 

2-5 


Sulphur dioxide 


SO 2 

4-5 

3-11 


. . 

31 

26-8 


Simple hydrocarbons : 










Methane 


CH 4 

1-5 

1-12 

0-34 

0 

0 

0 

1 

Ethane 


CaHfi 

1-6 

1-30 

0-50 


0-5 

4-2 

1-21 

Propane 


CgHg 

1-6 

1-51 

0-66 


0-7 

5-9 

1-25 

Butane 


C 4 H 1 O 

1-7 

1*51 

0-85 


0-9 

7-6 

1-28 

Isobutane 


C4h1„ 


1-03 

0-46 


0-5 

4-2 

, , 

Pentane 


C 5 H 12 

1-3 




1-3 

11-0 

1*35 

Isopentane 


CsHaa 

1-3 




1-3 

11-0 


Hexane 


CsHi^ 

1-5 




1-5 

12-7 

1*38 

Heptane 


CvHia 

1-6 




1-6 

13-6 

1-40 

Octane 


CgHis 

1-8 




1-8 

15-3 

1-42 

Ethylene 


C 2 H 4 


2-92 



2-9 

25-0 

1-56 

Acetylene 


C 2 H 2 


4-52 



4-5 

39-6 

1-75 

Cyclopropane 


C 3 H 6 



o'-52 


0-5 

4-2 

0-82 

Propylene 


C 3 H 6 



2-91 


2-9 

25-0 


Other simple molecules : 










Ammonia 


NH 3 

1-3 

0-98 



1-0 

8-4 

0-75 

Carbon tetrachloride 


CCI 4 

0-52 

0-62 

o-is 


0-2 

1-7 


Silicon tetrachloride 


SiCU 


1*64 



1-6 

13-6 


„ tetrafluoride 


SiF 4 


3-11 



3-1 

26-8 


Methyl chloride 


CH 3 CI 

1-5 

2-04 

l'-95 


2-0 

17-1 

0-65 

Methylene chloride 


CH 2 CI 2 


2-93 



2-9 

25-0 


Chloroform . . 


CHCI 3 

1-8 

1-78 



1-8 

15-3 

0-67 

Ethyl chloride 


C 2 H 5 CI 

1-6 


1**49 


1-5 

12-7 


Methyl ether . . 


CaHsO 


l’-56 

1-20 


1-2 

10-1 


Ethyl ether * . . 


C 4 H 10 O 

2-7 

2-51 



2-5 

21-5 


Acetone * 


CaHeO 

1-8 

1-62 



1-6 

13-6 


Allyl alcohol * . . 


C 3 H 0 O 

2-8 

2-40 



2-4 

20-6 


Formaldehyde 


CHaO 


1-88 



1-9 

16-2 


Acetaldehyde 


C 2 H 4 O 


2-68 



2-7 

23-2 


Methylamine . . 


CHgN 


0-77 



0-8 

6-7 


Ethylamine 


C 2 H 7 N 


0-97 

•• 


1*0 

8-4 
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Section ii 


Substance 

Formula 

lOOp 

« 

0 

i-«i 

X 

CO 

Substance 

Formula 

lOOp 

0 

X 

60 

Benzene , . 

CeHs 

4-5 

39-6 

Ethyl formate 

C 3 H 6 O 2 

2-2 

18-8 

Toluene 

C,H8 

4-3 

37-7 

Propyl „ 

C 4 H 8 O 2 

1-8 

15-3 

Meta-xylene 

CsRlO 

5-0 

44-2 

Formic acid 

HCOOH 

4-1 

35*9 

Ethyl benzene 

CsHio 

4-7 

41-4 

Acetic „ 

C 2 H 4 O 2 

3-0 

25-9 

Cyclohexane 

C6Hi2 

1-0 

8*4 

Propionic „ 

C 3 H 6 O 2 

2-7 

23*2 

Cydohexene 

CeHio 

2*2 

18*8 

Butyric „ 

CiHgOa 

2-0 

17*1 

Methyl cyclohexene . . 

C 7 H 12 

2*2 

18-8 

Acetic anhydride 

C 4 H 6 O 3 

1*9 

16*2 

p Isoamylene 

CsHio 

2-4 

20*6 

Propionic „ 

CgHioOs 

2-9 

25*0 

Naphthalene 

CioHs 

7-9 

72‘5 

Methyl ethyl ketone . . 

C 4 H 8 O 

2-2 

18*8 

Ethylene chloride 

CaHiCls 

3-4 

29-5 

Methyl propyl „ . . 

CsHioO 

2-0 

17*1 

Propyl chloride 

C 3 H 7 CI 

1-5 

12*7 

Diethyl ketone 

CsHioO 

3-2 

27*7 

Isobutyl „ 

C 4 H 9 CI 

1-7 

14-5 

Methyl acetate 

C 3 H 6 O 2 

2-2 

18*8 

Ethyl bromide 

CaHgBr 

2-3 

19-7 

Ethyl acetate 

C 4 H 8 O 2 

2-2 

18*8 

Propyl „ 

C 3 H 7 Br 

2-1 

17-9 

Propyl acetate 

C 5 H 10 O 2 

1*5 

12*7 

Isobutyl „ 

C 4 H 9 Br 

1-6 

13*6 

Chlorobenzene 

CeHsCl 

4.9 

43*3 

Ethylene „ 

C2H4Br2 

3-7 

32-2 

Bromobenzene 

CeHgBr 

5-3 

47*1 

Bromoform 

CHBra 

3-1 

26-8 

Nitrobenzene 

CeHsNOs 

6-1 

54*7 

Isopropyl iodide 

C 3 H 7 I 

2-3 

19-7 

Aniline 

CeHfiNHs 

6-1 

54*7 

Methyl alcohol 

CH 3 OH 

1-7 

14-5 

0. Nitrotoluene 

C 7 H 7 NO 2 

5*2 

46*1 

Ethyl „ 

C 2 H 5 OH 

0-9 

7-6 

M. „ 

C 7 H 7 NO 2 

5*6 

49*9 

Propyl 

C 3 H 7 OH 

1-2 

10-1 

Benzyl chloride 

C 7 H 7 CI 

4-7 

41*4 

Isopropyl „ 

C 3 H 7 OH 

1*3 

11-0 

Benzal chloride 

C 7 H 6 CI 2 

4.4 

38*7 

Butyl 

C 4 H 9 OH 

1-7 

14*5 

Benzoic acid 

C 7 H 6 O 2 

5*7 

50*9 

Isobutyl alcohol 

C 4 H 9 OH 

0*8 

6‘7 

Methyl benzoate 

C 8 H 8 O 2 

5-9 

52*8 

Amyl 

C 5 H 11 OH 

1-3 

11-0 

Salicylic acid 

C 7 H 6 O 3 

5-7 

50*9 

Isoamyl „ 

C 5 H 11 OH 

M 

9-3 

Pyridine 

CeHsN 

4-8 

42*4 

Trimethyl carbinol 

C 4 H 10 O 

0-7 

5-9 

Quinoline 

C 9 H 7 N 

7-9 

72*5 

Methyl formate 

C 2 H 4 O 2 

2-2 

18*8 






* Section i comprises of simple molecules and such others which have been re-investigated 
subsequent to 1929 or investigated for the first time by Parthasarathy, Ananthakrishnan 
or Volkmann. Section ii comprises of molecules which have been investigated only prior 
to 1929. As such, the values given in this section are merely those adopted by Cabannes 
and refer mostly to the work either of Cabannes or of Ramakrishna Rao. With the exception 
of methyl ethyl ketone, methyl propyl ketone, diethyl ketone, methyl benzoate and quinoline, 
the values have all been corrected, either by Ramakrishna Rao or by Cabannes; for depar- 
tures from Boyle’s law on account of the fact that most of the vapours were studied just 
above their respective boiling points. The necessity for such a correction will be evident 
when we deal with dense media. Values given in column 3 of section i against the four 
substances marked with asterisk are those of Ramakrishna Rao and have been corrected 
by him in the above manner. 


Spherically symmetrical atom like argon or a molecule like 
methane.^ The result is in perfect accordance with the failure 


^ Recently Breazeale [Phys. Rev., 49 , 625 (1936)] has reported that 
methane shows a measurable electro-optical Kerr effect. This result implies 
an optical anisotropy and is in conflict with Volkmann’s results. 
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of Bhagavantam ^ and of Lewis® to obtain pure rotational 
Raman scattering in methane even on prolonged exposures. 
In view of this, it may be of interest to re-examine the two other 
tetrahedral molecules, namely silicon tetrachloride and tetra- 
fluoride, for which Parthasarathy found fairly high depolarization 
factors. The case of carbon tetrachloride is also somewhat 
puzzling. In these cases, however, the presence of an appreciable 
proportion of unsymmetrical isotopic molecules may be respon- 
sible for at least part of the observed depolarization. It is 
disconcerting to note that the important and fundamental case 
of hydrogen has yet no definite value of q ascribed to it. 

The relatively large optical anisotropies exhibited by the 
aromatic compounds when compared with the aliphatic ones, 
the relatively large optical anisotropies exhibited by the 
homopolar molecules when compared with the heteropolar 
ones and the increasing optical anisotropy in the series ethane, 
ethylene and acetylene are the other notable results. 

Relative Intensities of the Scattered Light. — We have seen 
that according to the elementary theory of light scattering by 
spherically symmetrical molecules, the scattering power of a gas 
is proportional to {n — 1)® where n is the refractive index of 
the gas. The earliest results obtained by Lord Rayleigh 
substantiated this conclusion in the main. The following Table 
is reproduced from his work. 

Table III 


Ratio of Intensities of Scattered Light 


Gas 

Method of 
observation 

Intensity of 
Scattered 
light 

(n-l)2 

Air 

Assumed 

1-00 

1-00 

Hydrogen 

Visual . . 

0-230 

0-229 

Nitrous oxide 

Photographic 

3-40 

3-12 

Ether vapour 

1 

Mean of visual and 
photographic. 

26-8 

27-1 


1 Nature, 130, 740 (1932). 

2 Phys. Rev., 41, 389 (1932). 
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Subsequent careful experiments of Cabannes have, however, 
shown that the law is only approximately correct, and that 
there are appreciable and important deviations in certain cases, 
as may be expected. It has already been said that in the case 
of molecules that are not spherically symmetrical, the law is 
to be modified and represented by (28) of chapter III. 
Cabannes ^ obtained experimental results in support of this more 
accurate equation and these are given below. 


Table IV 

Ratio of Intensities of Scattered Light 


Gases 

Observed ratio 

(m-iP 

{6-tJ 



Argon 

Nitrogen 

0-829 

0-90 

0-832 

Carbon dioxide 

Argon 

3-31 

2-53 

3-13 

Carbon dioxide 

Air 

2-62 

2-35 

2-65 

Carbon dioxide 

Oxygen 

2-93 

2-80 

3-00 

Hydrogen 

Oxygen 

0-255 

0-276 



The values given in column 4 are based on the revised 
values of q given in Table II and are slightly different from 
those given by Cabannes. The distinctly better agreement 
between the observed values and those of column 4 is quite 
apparent. In Table V are given further data obtained by 
Cabannes for the relative scattering powers of a few other gases 
and vapours. 


1 Ann. d. Phys., 15, 5 (1921). 
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Table V 


Relative Scattering Powers of Gases and Vapours 


Gas 

Scattering power 

Gas 

Scattering power 

H2 

0-23 

N 20 

3-8 

A 

0-8 

Xe 

5-5 

O2 

0-9 

C 2 H 6 

6-3 

Air 

1-0 

CsHg 

12 

Na 

1-0 

C2H5CI 

16 

Kr 

2-0 

QHio 

22 

CH4 

2-4 

(CaHslaO . . 

26 

CO2 

2-6 




The comparatively large scattering power exhibited by the 
organic vapours is consistent with the fact that they usually 
possess high refractivities. 

Absolute Scattering Power of a Gas and the Determination 
of the Avogadro Number . — ^We have already seen (equation 29 
of chapter III) that for a gas 


I nKri^-iy (6+6q\ 

lo IvX^ \ 6 ^ q ) 


.. (3) 


is a measure of the intensity of the light scattered per unit 

volume of the gas when expressed as a fraction of the intensity 
of the incident unpolarized light, q is the depolarization of the 


light scattered in the transverse direction. If ^ is measured 

lo 

experimentally, knowing other quantities involved in the equa- 
tion, V may be evaluated, and hence the Avogadro number. 
The earliest attempts in this direction were those of Cabannes \ 
who chose argon for the purpose of the above measurements. 
A known length of the gas column is illuminated and the light 
emitted in a direction normal to the direction of illumination 
by a unit area of the surface is compared with the incident light. 
In the case of argon {q = 0), the above equation reduces to (3^z). 


lo 2vX^ • 


(3fl) 


1 Ann. d. Phys., 15 , 5 (1921). 
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Cabannes obtained a value of 1 •34x10"® for using A4358 

lo 

radiation. The gas investigated was a mixture of 91% argon, 
8-7% nitrogen and 0-3% oxygen at normal pressure and a 
temperature of 27°C. After applying the necessary correctioiis 
for the impurities, he obtained 3*08 X 10^® for v at N.T.P. This 
corresponds to a value of 6-90X 10®® for the Avogadro number. 

The next measurements were those of Daure^, who used 
ethyl chloride vapour as the scattering substance. The experi- 
mental technique adopted by him is diagrammatically represented 
in Fig. 14. 



S is situated in a suitable tube of ethyl chloride vapour into 
which a beam of sun-light is focussed. The scattered light 
passes through a Lummer cube P and is compared with the light 
coming from an auxihary source S'. The light from S' is 
reduced to a desired fraction by the help of 3 nicols Ni, N 2 and 
N 3 . In order to obtain the intensity of the source itself, a total 


Comptes Rendus, 180 , 2032 (1925). 
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reflection prism is kept at S and the experiment repeated. In 
t hi s manner, the ratio of intensities of the scattered and the 
incident beams is measured. He obtained a value of 1 -06 X 10~’ 

for I- r® in this substance. The working temperature and 
lo 

pressure of ethyl chloride were 19‘’C. and 75 cm. of mercury 
respectively. In calculating the Avogadro number from these 
data, use is made of the more general form ^ of (3), namely, 

I , _7i\n^-\y (6^6 q\ RT/5 
lo'* 2X^ KS-Iq)- N ’ 

and Q is assumed to be equal to 0-016. Daure employed a 
composite radiation extending from >15200 to 5700 A.U. for 
illuminating purposes and took account of it in the cal- 
culations. In this manner, he obtained a value of 6-50x10®^ 
for the Avogadro number. 


1 See equation (16) of chapter V. 



Chapter V 


THEORY OF LIGHT SCATTERING BY DENSE MEDIA 

Introduction . — From the point of view of light scattering, a 
dense medium, such as is found in a liquid or a solid, differs 
from a gas at ordinary pressures in several important respects. 
The thermal movements of the constituent parts are no longer 
independent and we - are not justified in assuming that the 
expectation of intensity in any direction is n times that due to 
a single centre, where n is the total number of centres. Destruc- 
tive interference is bound to set in and the compounding of the 
amphtudes from various bits has to be effected with due regard 
to this possibility. In fact, it has already been shown that 
destructive interference is actually complete and that there 
will be no residual lateral emission, if ideal conditions prevail 
and any possibility of obtaining a residual effect rests on the 
fact that the actual conditions in a dense medium necessarily 
fall short, though only to a small extent, of such an ideal. In 
solving this problem of evaluating the aggregate scattering effect, 
we may either altogether disregard the structure of the medium 
and look upon it as an elastic continuum, or view it as an assembly 
of individual dielectric spheres or molecules either located at 
definite positions or moving about in accordance with the laws 
of kinetic theory. In either case, it is easy to see that the 
thermodynamical properties of the medium as a whole are 
unchanged at a given temperature. This statement, when 
applied to small bits of the medium, is true only in a statistical 
sense. Local fluctuations of the thermodynamical properties 
about their mean values are to be expected and we shall presently 
show that such fluctuations furnish a measure of the intensity 
of scattering. 

The Medium regarded as a Continuum . — We shall first adopt 
the continuum view point and derive an expression for the 
intensity of the scattered hght. If a given volume element V 
has a mean dielectric constant s, which attains an instantaneous 
value e-f-As as a result of fluctuation, it is easily seen that the 
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change in the induced optic moment is ^ per unit volume 

per imit incident electric field. Substituting which 

represents the total increase in the optic moment, for Eoa in 
equation (1) of chapter III, we obtain expression (1) for the 
intensity of the instantaneous scattering in a transverse direction 
from the given volume element V. 

(InvY f Ae y 
^Tic^r^ \47r ' 



By dividing (1) with 

071 


we can express this scattered energy 


as a fraction of the incident energy. If the incident light 
is unpolarized, the total energy in the incident beam is doubled 
without any corresponding increase in the intensity of transverse 
scattering for reasons akeady explained. We therefore obtain 
expression (2) for the intensity of light scattered at a particular 
instant by the volume element V in a transverse direction, when 
expressed as a fraction of the incident energy, for unpolarized 


incident light. 


22V2 


{Aer 


( 2 ) 


The whole medium may be split up into a large number of such 
volume elements, each of which has a volume V and density a . 
If the fluctuations in each volume element take place indepen- 
dently of those occurring in the neighbouring ones, we may 
regard the secondary radiations coming from the different 
volume elements as incoherent. The process of obtaining the 
average effect from all the volume elements at a given instant 
is equivalent to obtaining the average effect from a given 
volume element over a sufficiently long time and the result 


may be expressed by (2a). 


2AV 


{AbY 


.. (2a) 


If AV and Ao represent the fluctuations in the volume and 
density respectively at any instant, we have 

= - A^ - - because aV is a constant, 
cr 



Since ^ 
we have 
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(Ao-)^ _ _ RT /av\ _ RT;S 
NV^ Va;7 / T NV ’ 


(3) 


g— 1 
g'f‘2 


where ^ stands for the isothermal compressibility of the medium. 
Differentiating the Clausius-Mosotti relation 
taking the time averages of both sides, we have 

(Ae)2 _ . 

Substituting from (3) in (4), we obtain 


= c .a and 


(4) 


RT^(g-l)n^+2)^ 

lAe; - 


(5) 


Combining (5) with (2d) and writing in the place of g , we 
obtain (6) for the intensity of the light scattered per unit volume 
of a continuous medium, in the transverse direction. 

I 7i^RTfi(n^-iy(n^+2)^ ..s 

lo~ 18AW ^ 

I and lo stand respectively for the intensities of the scattered and 
incident beams. 

Validity of Clausius-Mosotti Relation . — It is well known that 
the factor g+2 enters the Clausius-Mosotti relation when we 
consider the polarization field ^ of the medium as a whole. 
The appropriateness of using this relation, when we are dealing 
with the properties of small volume elements, has been questioned 
by Ramanathan. He has suggested that the relation g— 1 = ca 
is the proper one to be used and not the Clausius-Mosotti 
relation. It is argued that the factor g+2 arises from the presence 
of the surrounding medium, the properties of which do not 
undergo changes consequent on the fluctuations within the 
small volume element and has therefore to be regarded as a 


1 See (9) of Appendix III. 

2 The origin of the polarization field will be discussed in greater detail in 
a following section. 
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constant. Using the alternative relation and by following 
exactly the same procedure as before, we arrive at expression 
(6a) in the place of 6. The latter differs from the former in not 

having a factor • 

I 7r^RT/5(a^-l)^ 

Io~ 2AV^N 

The Medium regarded as an Assembly of Molecules . — ^The 
treatment outlined in the foregoing sections may be pushed 
further so as to include the anisotropic scattering also. The 
results obtained are identical with those that may be derived by 
taking the molecular structure of the medium into consideration. 
As the latter method is more directly related to some of the 
important properties of the individual molecules, we shall adopt 
it in the following. 

The molecules in a crystal, for example, are by no means 
absolutely fixed. They are oscillating about certain mean 
positions and these oscillations are known to contribute to the 
specific heat of a crystal and also to affect the X-ray patterns. 
On account of these motions, there is not the absolute certainty 
of finding, for every molecule of the crystal, always another, the 
scattered beam from which will destroy that from the former. 
This element of ' randomness or lack of co-ordination in the 
movements of the molecules is responsible for a finite scattering. 
The randomness of movements of molecules may be expected to 
manifest itself even to a larger extent in the case of liquids. 
Precisely the same arguments as in the case of solids will show 
that the light scattered from various volume elements, so far as 
it depends on the average number of molecules in each element 
which determines the average density, will have the same ampli- 
tude for the various elements and in this respect the liquid is 
just like an ideal solid. The aggregate effect on this score will 
therefore vanish. On the other hand, the fluctuations in number 
will result in fluctuations in density and the total amplitude from 
any one element will generally differ from that obtained in any 
other at a given instant. A finite scattering, which may be 
termed scattering due to fluctuations in density, will result. In 
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addition to such fluctuations, we have also to reckon the possi- 
bility of the molecule being asymmetric and as such there 
will be fluctuations in orientation. At any given instant of 
time, the state of a particular volume element, with regard to the 
orientations of the different molecules in it, may not be exactly 
the same as that of another. This will result in the total ampli- 
tudes arising from the two elements being different irrespective 
of their instantaneous densities being equal or not. On this 
score also, there will result a certain amount of scattering, which 
may be termed scattering due to fluctuations in orientation. 
This is analogous to the part arising from the optical aniso- 
tropy of molecules in the case of gases and will likewise vanish, if 
the molecules of the liquid are spherical. Under such condi- 
tions, the state of any one volume element will not differ from 
any other merely on account of different orientations of the 
constituent molecules. 

Detailed Theory of Light Scattering in Liquids. — Let the 
molecules of the liquid under consideration be optically aniso- 
tropic, the polarizabilities along the three principal directions 
in the free state being given as A, B and C. The corresponding 
effective polarizabilities in the liquid state may be represented 
by A', B' and C'. We may divide the liquid medium into a 
large number of volume elements whose linear dimensions are 
small in comparison with the wave-length of light but yet large 
enough for each volume element to contain an appreciable 
number of molecules. If we concentrate our attention on the 
state of any particular volume element, owing to thermal motions, 
there will be fluctuations in the number as well as the orientations 
of the molecules contained in it. The following remarks may 
now be made regarding the fundamental assumptions underlying 
the treatment. 

1. The linear dimensions of the volume elements are small 
in comparison with the wave-length of light. We can therefore 
consider the waves scattered by different molecules in a given 
volume element to be optically coherent. 

2. The volume elements are large enough to contain an 
appreciable number of molecules. Consequently, fluctuations 
in number taking place in a given volume element may be taken 

5 
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to be uncorrelated with the fluctuations taking place in any 
other neighbouring volume element.^ 

3. The effect of close packing in liquids will be assumed 
not to interfere with the freedom of orientation of the molecules. 
The number of molecules in a given volume element, having a 
given orientation at an instant of time, will therefore be the same 
as though all the molecules in the volume element are oriented 
entirely at random. The fluctuations in orientation occurring in 
the different volume elements will entirely be uncorrelated with 
one another® and we may further assume that these are also 
uncorrelated with the fluctuations in density. 

4. The fluctuations in number in an element of volume V 
are given by the Smoluchowski-Einstein expression 




NV ’ 


(7) 


where {twY is the mean square of the deviation of the number 
of molecules per unit volume from its mean value v (see 10 of 
Appendix III). R, N, ^ and T are the gas constant, the Avogadro 
number, the isothermal compressibility and the absolute tempera- 
ture respectively. 

The procedure is now exactly similar to that adopted in the 
case of gaseous molecules except that we have A', B' and C', 
the effective polarizabilities instead of A, B and C. Let a beam 
of plane polarized light be incident in the medium in the direction 
OY (Fig. 5). We shall examine the simple case where the electric 
vector E is confined to the direction OZ only. Let us consider 
the radiation from a particular molecule whose principal axes 
of polarizability have the co-ordinates 0, (p and ?/). If the effective 
optical polarizabilities are A', B' and C', we have already seen 
that the moment p.. induced in the direction OZ is given by 
Pa = E (A' sin®e cos®^-bB' sin®6 sin®y>+C' cos®6). 


^ A fuller discussion of this aspect is given by Ramanathan, Ind. Jour. 
Phys., 7, 413 (1927). 

2 A possible correlation between such fluctuations in the neighbouring 
volume elements and its effect on the results have recently been considered by 
Mueller, Proc. Roy. Soc., 166 , 425 (1938). 
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Py, the moment induced in the direction OY, may be written as 
Py=B, (—A' sin0 cosy) siny; cos^p— A' sin6 cos^y) sin9? cos9 
+B' sin9 siny) cosy) COS95 — B' sin9 cos6 sin^y) sin99 
+C' sin0 cos9 sin^?). 

At a distance r, in a direction transverse to both OY and OZ, 
the effect of these induced moments is to give a scattered beam 

of amplitude parallel to OZ and Py parallel to OY 

(see equation 3 of chapter III). It has already been re- 
marked that the radiations from different molecules in a given 
volume element are all coherent and in order to get their 
instantaneous aggregate effect, we merely have to sum up their 
respective amplitudes. Thus, the amplitude Y at any given 
instant, of the Y component of the radiation from a particular 
volume element will be given by 


V 4 ?!^ y, 


E denotes summation over all the molecules in V, whose total 
number is equal to vY. When we come to the question of 
compounding the effect from the different volume elements, it 
must be remembered that the chance orientations of the molecules 
in any one volume element at a particular instant of time are 
quite uncorrelated with those obtained in any other at that 

instant. If the summation of terms hke -^Epy is carried 


over a sufficiently large number of volume elements at any 
instant of time, the result will be zero as this process is equivalent 
to summing up Py over all possible values of 0, cp and ip. In 
other words, Epy will be as often positive as negative at any 
given instant of time if we consider a large number of volume 
elements. The aggregate effect should however be obtained 
by adding up the squares of the amplitudes and not the ampli- 
tudes themselves as the radiations from different volume elements 
are incoherent. Thus in order to obtain the intensity of 
scattering by a given volume V, we have to find the average of 



over all the volume elements. 


This process is 
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identical with that of finding the average of this term from the 
same volume element over a sufficiently long interval of time. 
Since we have assumed that there is perfect freedom of orienta- 
tion for each of the molecules, they will take up all possible 
values of d, (p and ip during this long interval of time. When 
the averaging is performed under such conditions, all the cross 

products vanish and it may easily be shown that 

represents the effect per molecule, py^ is the time average of 
p,f. The averaging is carried out as before (see equation 20 of 
chapter III). Remembering that E^=^y=0, we get 

the following equation in the place of (23) of chapter III. 


The intensity of the Y component of the scattered beam per unit 
volume is therefore given by 


■y ~ • 15 ■ 


( 8 ) 


Similarly we have ^ Z p^ for the amplitude of the Z component 
from a particular volume element, where 

Zpz — EZ (A' sin^0 cos^y-f B' sin^0 sin^y>-l-C' cos‘‘*6). 

The summation extends over all the molecules in the given 
volume element. Denoting this amplitude by Z, we can rewrite 
its instantaneous value in the form 




D 


A'4-B'-bC' 




E(v-b Av)Va' + ^' Ei:(L-a'). 


•• ( 9 ) 


L in (9) stands for the function A' sin^^ cos®^+B' sin^6 sin^ip 
-f C' cos^0 . The first term may be denoted by Zi and 
the second by Zg. The latter is easily seen to be closely 
analogous to the Y component of the amplitude with which we 
have already dealt. Its value for any particular element is 
finite and is either positive or negative at a given instant according 
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to the particular chance orientation taken up by the molecules 
of the element under question at that instant. When the summa- 
tion is extended as such to all the volume elements, the aggregate 
amplitude vanishes. It has, however, been remarked that so 
far as the different volume elements are concerned, we have 
to regard both the density and orientation scattering com- 
ing from them as incoherent. Hence, in order to get the 
aggregate effect, we have to find the average value of the square 
of this term for all the volume elements, which process is iden- 
tical with that of finding the time average value of its square for 
the same element. As before, this average will be represented 

by H'i = (L— a')^ per molecule, where (L— a')^ is the 

time average of (L— a')®. 

But (L-a7 = 


U 0 0 


[(A' sin^0 cos^?/)H-B' sin®0 sir ' cos^0)— y/]® sin6 dddcpdip 

2it 2it 

J J J sinO dddcpdf 
0 0 0 


= ?^^(A'^+B'HC'^-A'B'-B'C'-A'C) = y'\ 


The intensity of the second part of the Z component of the 
scattered beam per unit volume, which may be denoted by 
is therefore given by 


I 


*2 


1671 ^ 

7^ 


vE^. 


3 - -,'2 
4 5 7 • 


( 10 ) 


Now we consider the first term Z, of (9). If we regard the 
average effective polarizability a' as independent of the fluctua- 
tion in density, we may split up Zj into two terms and write 

Zi = EaVV-t-^Ea'A^V. 

The first term represents that part of the amplitude whose 
magnitude is independent of the particular volume element 
under consideration. So far as this term is concerned, the 
compounding of the amplitudes for various volume elements will 
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therefore result in a zero amplitude on account of the regularity 
of arrangement in the volume elements. The second term 
depends, however, on the existence of an instantaneous fluctuation 
Av and as these fluctuations take place independently of each 
other in the different elements, the aggregate intensity will be 
proportional to the sum of the squares of such terms. The 
average effect from each volume element will be 


Substituting the Einstein-Smoluchowski expression for (Avf 


from (7) and using the relation va' 


tzl 

Ati 


we obtain the 


intensity of density scattering from each volume element as 




V An ) 


V. 


VrAV ^ ■ N • V 

The intensity of scattering Iz^ per unit volume will be given by 

RTi5 (n^-l\ 

'\ An ) 




\6n^ 




.E^ 


N 


( 11 ) 


The total intensity of the Z component is the sum of the expres- 
sions (10) and (11) and is given by (12). 


L = 


16 jr^ 


The depolarization of the scattered light is easily seen to be 
given by (13). 


Qv 




/V15 


RT^v (n^ 


N V Anv / 


- L . 4 .,'2 ' 
+4 5y 


(13) 


If the incident light is unpolarized instead of being plane 
polarized, it is easily seen that an additional term equal to \y 
is added to both the Y and Z components and we have (14) 
for eiiq. • 


Qiu 


21. 

Iz+E 




RT|3v fri 
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l y 

V Anv ) 


+ 7 '2 


(14) 
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Substituting a' for — in (14), we may write 

^TCV 


Qii 


iq. 


Atcv 

RTfa 


6 „/2 
^sy 






5RT> 


'liq. 


.. ( 15 ) 


n & 


This is analogous to (2) of chapter IV. Alternatively, we have 


SRT^v 

N 


?Uq. 

■ 6-7a,,. • 


The total intensity of the light scattered per unit volume is equal 
to SIjz+Iz and this may be written as 


3I2/+I2 — 


1671^ 


E^v. 


RT^v 

N 


,'2 



6-7&,J 


whereas the intensity of the incident light on this scale is equal 
to 2El We therefore have 


I. N “ \6-7a„/ 

_ RTiS (n^- IV /^ + ^Qii<,\ 

■ N V 43r y \6-7q,,J ' 


(16) 


Expressions (15) and (16) readily reduce to equations (25fl) 
and (29) respectively of chapter III obtained in the case of 

1 ‘N 

gases, if the compressibility yS is put equal to - or . (15) 

and (16) are therefore only to be regarded as more general forms 
of (25a) and (29) of chapter III. It may also be noted that if 
is put equal to zero, equation (16) reduces to (6a) as it 
ought to. a' and y' are the effective mean polarizability and 
the effective anisotropy respectively of the molecule in the liquid 
state and these may differ appreciably from a and y. g in 
this case is, of course, the depolarization observed in the liquid 
state. 

A few remarks may not be out of place here regarding the 
validity of the fundamental assumptions outlined in the beginning 
of this section. Assumptions 2 and 4 are somewhat of a general 
nature and may not be far from the actual state of affairs that 
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prevail in a liquid. Recent experimental evidence appears, 
however, to call into question the validity of assumption 3. As 
an example, we may cite the case of rotational Raman effect. 
The postulated presence of complete freedom of orientation of 
the molecules in a liquid should result in rotational Raman 
spectra which possess the same characteristic features as are 
obtained in a gas. Experiments do not support this conclusion.^ 
Evaluation of the Effective Moments in a Liquid . — Since all 
the molecules of the medium behave as dipoles under the action 
of incident light, the field acting on any one of them will not be 
identical with the external field. If E is the external field acting, 
the displacement D inside a dielectric is given by 

D = E+47rP 


where P stands for the dielectric polarization or the optic 

moment induced per unit volume of the material. This may 

be written as vaE', where E' is the effective field acting on 

each molecule, v is the number of molecules per c.c. and a the 

polarizability of each molecule. Dividing throughout by E 

and substituting £, the dielectric constant of the medium, for 

D e— 1 Tf ^ + “E' , 

4jt ~ 4 jc ~ E ' denote by a new 


symbol a' which we may call the effective polarizability of the 
molecule, we have the following very general equation. 


n ^-1 ^ 
4n 


(17) 


The relationship between E and E' and therefore between 
a and cc' depends, however, on the nature of the dielectric medium 
and may be deduced from the following considerations. Every 
molecule is surrounded by polarizable matter which would 
therefore acquire a dipole moment under the action of the 
external field. These dipoles will also produce an additional 
component at the molecule under consideration besides the 
external field E. The resultant field may be evaluated by 
making certain simplifying assumptions. If a small sphere is 


^ See papers by Bhagavantam and A. V. Rao in the Proceedings of the 
Indian Academy of Sciences. 
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described round the molecule in question, the total field pro- 
duced may be regarded as consisting of the three following 
parts: — 

1. The External field E. 

2. The field at the centre of the sphere due to the induced 

4'-rP 

moments outside the sphere. This is equal to 

where P is the moment induced per unit volume.^ 

3. The field at the centre due to the moments induced in 

the molecules .lying within the sphere. This term 
vanishes in case the distribution of the polarizable 
matter within the sphere possesses cubic symmetry.^ 

Thus in a simple case, the polarization field is equal to 

and this is usually referred to as the Lorentz-Lorenz 

polarization field. It leads to the well-known law of refraction 
named after these authors. We have 


E' 




4 %% 

3 


where % is the moment induced per unit volume per unit external 
field. It follows that 

In the case of media like gases, % is very small and a' does 
not differ appreciably from a and for all practical purposes 
both may be taken as identical. Hence no distinction was 
made between the effective polarizability and the actual polariz- 
ability in the earlier chapters as we were then dealing with gaseous 
media only. In dense media like liquids, % is appreciable and 
a' is quite different from a. Incidentally we may note that 


1 This is a well-known theorem and is proved in any text book dealing 
with dielectric polarization. 

2 In a general case, such as the one in which the distribution is of an 
unsymmetrical type, statements 2 and 3 are not valid. 
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since, %, the moment induced per unit volume per unit external 

1 

field, is ra' which is equal to we have 

/«^+2\ 

“ ~ “V 3 / ■ 


Substitution of this in equation (17) leads to 


n 


^ — 1 , T ? — 1 M . 


4-2 


or 


«®-}-2 


IS a constant. 


This is the well known Lorentz-Lorenz law of refraction. If 
we assume a polarization field of the Lorentz-Lorenz type to 
exist in the medium, we have the effective moments and the 
actual moments connected by equations of the type 

A' = A ^1 etc., where % = • 


In such a special case, it is easily seen that 

a' = a and y = y ■ 

Consequently (15) reduces to {\5a) and (16) remains unaltered. 


^liq. 


^r,y 


RT/3v 

N 


(15fl) 




One of the most important consequences of the above expressions 
is the relationship between the values of rj obtained in the liquid 
and gaseous states of a particular substance. From the values 
given for (15a) and for (25a of chapter III), we may 
easily arrive at the relation (18). 

RTfa giic. (18) 

N 6-7^,: - 

That the values calculated for from eqn.'.(18) differ widely 
from the observed results was first pointed out by Raman 
and Krishnan.^ The following Table taken from a paper by 
these authors illustrates the discrepancy. 


Phil. Mag., 5, 498 (1928). 
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Table VI 


Relation between o,. and o 

U iiq. c gas 


Substance 

Dimensions of 
the molecule 
in A.U. 

Pgas 

observed 

Pliq. 

calculated from 

Pliq. 

observed 

d 

b^c 

Iso- 

tropic 

polariza- 

tion 

field 

(18) 

1 

Aniso- 

tropic 

polariza- 

tion 

field 

Pentane 

8-7 

4-9 

0-013 

0-21 

0-074 

0-075 

Hexane 

10-0 

4-9 

0-015 

0-31 

0-087 

0-100 

Heptane 

11-3 

4-9 

0-016 

0-38 

0-083 

0-100 

Octane 

1 

12-6 

4-9 

0-018 

0-46 

0-105 

0-130 


With a view to explain these discrepancies, Raman and 
Krishnan have revised the above derivations by introducing an 
anisotropic polarization field instead of a Lorentz-Lorenz one. 
It has already been mentioned that the effective field E' at a 

4jj;P 

given molecule may be taken to be EH — j-, only if the molecules 

surrounding the same are distributed in such a manner as to 
be equivalent to a symmetrical distribution of polarizable 
matter. If the shape of the molecule departs greatly from 
spherical symmetry, it would be incorrect to regard the distribu- 
tion of polarizable matter as conforming to the above arrange- 
ment. The polarization field acting on a molecule will neither 

be -y- nor will it be the same in all directions. This anisotropy 

is expressed in the usual manner by an ellipsoid, the principal 
axes of which are taken for simplicity to coincide with those of 
the polarization ellipsoid. When the incident field acts along 
any one of these -axes, the polarization field also is in the same 
direction and is given by P2X^ ^nd psx^, instead of 

4 ^ * 

-y;^E in each case, pi, pa and p-i are coefficients characteristic 
of the molecule, and these generally differ from ~ . These 



76 


THEORY OF LIGHT SCATTERING BY DENSE MEDIA 


coefficients need not be, and in general will not be, independent 
of temperature or the nature of aggregation in the medium. 
If A', B' and C' are the effective principal polarizabilities, 
these will be related to the actual polarizabilities by relations 
like 

A' = A(H-pix) ; B' = B(1+P2 z) • • etc- • • (19) 
What has now been done is equivalent to describing an ellipsoidal 
cavity round the molecule under consideration instead of a 
spherical cavity as has been done by Lorentz, the medium being 
still regarded as continuous and isotropic. Under such 
conditions, if we are dealing with the simple case of a spheroidal 
cavity, we may write 

= .. ( 20 ) 

where e is given hyb = c = d d, b and c represent 

the dimensions of the molecule and may be taken as the axes of 
the cavity. In the general case pi, and will be given by 

p — Indb c ^ (/m^4-w)s/ ( u^+w)(p-bvr)(c^+iv) 

0 

where m may stand for d.borc as the case may be. The values 
calculated by Raman and Krishnan in this manner using eqns. 
(18), (19) and (20) for four liquids are given in Table VI for 
comparison with the observed values and the values calculated 


^ It is doubtful if the medium surrounding an ellipsoidal cavity described 
about a single molecule may be regarded as continuous. Moreover, this 
theory does not explicitly take into account the two widely accepted notions 
about the liquid state relating to the formations of temporary groups of 
molecules and the hindered nature of the rotatory movements of the individual 
molecules. These and other defects of the theory have been pointed out by 
a number of workers and amongst the recent attempts to furnish a more logical 
picture of the optics of the liquid state, mention may be made of Hans Mueller 
[Phys. Rev., 50, 547 (1936)]. Nevertheless, the successes of the Raman- 
Krishnan hypothesis have been very numerous and varied. 
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on the assumption of an isotropic polarization field. Good 
agreement is to be noticed between the observed values and the 
values calculated by the introduction of an anisotropic polariza- 
tion field. 

Amorphous Solids . — Under the class of amorphous solids 
are to be considered the large group of optical glasses, trans- 
parent jelhes, and other supercooled liquids.^ Experimental 
work in this direction has been somewhat scanty, owing to the 
obvious difficulty of obtaining these substances totally free frdm 
inclusions of air. An amorphous solid is essentially different 
from a crystal but resembles a liquid more, in that the atoms in 
it are not similarly oriented and do not occupy fixed and definite 
positions as in a crystal lattice. The absence of double refraction 
in an amorphous substance and the close similarity between the 
X-ray diffraction photographs obtained in them and those 
obtained in liquids constitute ample evidence in favour of the 
above view. Thus the system, although named an amorphous 
solid, is more hke a liquid than a solid with the exception that 
the movements of the molecules constituting the amorphous 
medium may be somewhat sluggish in comparison with those 
found in a liquid. In a liquid, a fluctuation in density on the 
positive side is always immediately accompanied by a fluctua- 
tion on the negative side and the time mean value of the fluctua- 
tion is necessarily zero even for small volume elements. On the 
other hand, in amorphous solids, fluctuations of a quasi- 
permanent nature may have to be recognized. With this picture 
of the amorphous solid, we can easily see, by applying the same 
reasoning as in the case of a liquid, that the intensity of the 
light scattered by these bodies should be comparable with that 
obtained in hquids. That a large variety of optical glasses do 
exhibit scattered light of the requisite order of intensity obeying 
the usual laws of scattering has been shown experimentally 
by Raman.-* 


^ Many organic liquids like molten salol, betol, etc., can be cooled into 
perfectly transparent glasses at liquid air temperatures and these are presumably 
amorphous. 

2 Jour. Opt. Soc. Amer., iJ, 185 (1927). 
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EXPERIMENTAL RESULTS IN LIQUIDS AND 
COMPARISON WITH THEORY 

Checking the Theory and the Determination of Avogadro 
Number . — The earliest measurements in this direction were those 
of Lord Rayleigh ^ He found that the hght scattered by liquid 
ether was 64 times as strong as that scattered by ether vapour at 
a pressure of 39 cm. and a temperature of 21°C. The hquid 
under these conditions is about 446 times as dense as the vapour. 
The scattering power, molecule per molecule, is therefore 
diminished seven times in the liquid state. This result is in full 
conformity with the later developments of the subject, already 
discussed in chapter V, dealing with the theory of light scattering 
by dense media. Subsequent investigations of Raman and 
Rao^ on water have also shown that the absolute scattering 
power of liquids is much smaller than that of the corresponding 
vapours. Apart from such a qualitative confirmation of the 
theory in Hquids, there is the important question of deciding 
whether or not the expressions derived in chapter V (16 in 
particular) are in quantitative agreement with the experimental 
results obtained in dense media. The various points that lend 
support to expression (16) are set out below. Most of the 
work in this direction is due to Martin and Lehrman,^ Raman 
and Rao,^ Krishnan,® Cabannes and Daure ® and Rao.’ 

Krishnan critically examined all the available data up to 
1926 and showed that the relative measurements of intensity in a 
large number of organic liquids entirely support expression (16). 


1 Proc. Roy. Soc., 95, 155 (1918). 

2 Molecular Diffraction of Light (1922). 

3 Jour. Phys. Chem., 24, 478 (1920), and 26, 75 (1922). 
^ Phil. Mag., 45, 625 (1923). 

5 Ibid., 50, 697 (1925). 

® Comptes Rendus, 184, 520 (1927). 

Ind. Jour. Phys., 2, 7 (1927). 



80 EXPERIMENTAL RESULTS IN LIQUIDS 

Table XI reproduces the results of. calculations based on (16) 
along with the observed intensities in some typical liquids. 
The compressibilities are all taken from Tyrer \ Dakshinamurti^ 
and Philip ® . 

Martin, Raman and Rao, Martin and Lehrman, Cabannes 
and Daure, and Cabannes had carried out experiments on the 
measurement of absolute intensity of the scattered light in water, 
ether and benzene. Peyrot ^ has recently obtained the absolute 
intensity of the scattered light in benzene again. The relevant 
results are given in Table VII. 

Table VII 

Determination of the Avogadro Number 

Intensity 
Author 1 
lo 

M 2-0 

M&L 9-2 486) 1-352 209 303 0085 „ i 4-2/ 10« 

C&D 10-7 5440 1-508 88 288 0-42 „ ; 5-0/ lO^a 

P 34-8 4358 1-524 97-4 297 0-42 „ ; 4-6 /10« 

The Avogadro number, calculated with the help of (16) 
of chapter V in each case, is given in the last column. The 
order of magnitude is correct although the agreement is not as 
good as one would expect it to be. 

Ramachandra Rao measured the intensity of light scattering 
at different temperatures for a very large number of liquids. 
Complete data on compressibility are available for three different 
liquids over the entire ranges studied and only in part for nine 
other liquids. The values calculated on the basis of expression 
(16), along with the observed ones in the three liquids for which 
data are available, are given in the following Tables. The 
general agreement between the calculated and the observed 
values lends strong support to the validity of expression (16). 

1 Jour. Chem. Soc., 105, 2534 (1914). 

2 Proc. lad. Acad. Sci., 5, 385 (1937). 

3 Ibid., 9, 109 (1939). 

* Comptes Rendus, 203, 1512 (1936). 


Substance 


Water . . 
Ether . . 
Benzene 


Values assumed for the various constants 

occurring in (16) ! cSted 

Axl0« n T p,i„ 


4358 1-3388 47-2 305 0*096 8-308 6*4xl0‘‘^3 
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Table VIII 
Isopentane 


Temperature 

X. 

Observed 
value of 

^liq. 

j8x 10® per 
atmosphere 

hlho 

Observed 

h/lso 

Calculated 

30 

•056 

238 

1-00 

1-00 

60 

•056 

383 

1-53 

1-54 

80 

•053 

474 

1-76 

1-78 

90 

•0516 

580 

2*16 

2*15 

100 

■048 

740 

2-49 

2*65 

110 

•047 

907 

2*97 

3*09 

120 

•042 

1090 

3-35 

3*53 

130 

•039 

1430 

3*98 

4*16 

140 

•029 

1956 

5*61 

5*44 

150 

•027 

2626 

6-80 

i 6-87 

160 

•0215 

3884 

8*74 

8*83 

170 

•018 

12400 

24*72 

26*73 

180 

•015 

43970 

87*80 

90*7 


Table IX 

Normal pentane 


Temperature 

°C. 

Observed 
value of 

^liq. 

^ X 1 0® per 
atmosphere 

h/ho 

Observed 

Calculated 

30 

•072 

235 

1-00 

1-00 

60 

•072 

437 

1-76 

1-76 

80 

•071 

606 

2-35 

2-33 

90 

*065 

706 

2-60 

2-61 

100 

•0576 

830 

2-97 

2-95 

no ! 

*056 

970 

3-29 

3-33 

120 

*050 

1120 

3-36 

3-67 

130 

•040 

1320 

3-66 

4-02 

140 

•034 

1550 

4-06 

4-41 

150 

•0256 

2130 

4*92 

5-53 

160 

*020 

2980 

6-60 

7-02 

170 

•018 

5030 

9-28 

10-63 

180 

*0157 

9060 

18-00 

19-90 

190 

•0124 

39800 

60-00 

62-10 


6 
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Table X 
Ethyl ether 


Temperature 

“C. 

Observed 
value of 

^li q. 

P X 10® per 
atmosphere 

hlho 

Observed 

Itlho 

Calculated 

30 

■080 

212 

1-00 

1-00 

50 

•080 

258 

1-20 

1-21 

70 

■076 

323 

1-40 

1-42 

100 

■073 

539 

2-06 

2-16 

110 

■0713 

696 

2-56 

2-68 

120 

■070 

880 

2-99 

3-22 

130 

•061 

1140 

3-86 

3-77 

140 

■049 

1700 

4-76 

5-29 

150 

•033 

3280 

8-30 

9-30 

160 

•025 

4660 

10-80 

11-80 

m 

■015 

6500 

13-80 

14-30 

180 

•0124 

11400 

19-80 

20-80 

187 

•0103 

45000 

60 00 

62-50 


Results Regarding the Depolarization and the Relative Inten- 
sities of the Light Scattered by Liquids. — ^Apart from the early 
work of Martin and Lehrman, and Raman and collaborators, 
the only systematic work done in this direction appears to be 
that of Krishnan, Banerjee and recently Peyrot. Some of their 
results, along with those of the earlier workers, are given below 
in Table XI. Only such liquids for which the isothermal com- 
pressibility is available from the work of Tyrer, Dakshinamurty 
or Philip are included in the Table. In all such cases, the 
intensity of the scattered light in relation to that of benzene has 
been calculated from the known densities and the refractive 
indices. Data regarding depolarization factors and intensities 
are available in several other liquids but these are not included 
here as they are usually quoted exhaustively in standard 
reference Tables. All the data in Table XI have been so chosen 
that they refer to temperatures as close to 30°C. as possible. 

Experimental Technique. — ^The technique adopted by 
different authors for the measurement of depolarization of the 
scattered light is practically the same. The liquid is first purified 
by slow distillation in an evacuated bulb of the shape shown in 
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Fig. 15. The dust-free ^ liquid is collected into one of the bulbs, 
leaving the residue in the other. The bulb containing the 
distilled liquid is immersed in a rectangular bath of clear water 
in order to minimize any possible complications arising from 
the sphericity of the flask. Containers of alternative shapes 
such as cubical vessels have also been used. In such cases, the 
liquid has to be poured into the container after distillation, 
taking care to see that it catches no dust during this process. 
The incident light (either sun-light or arc-light is focussed by 
means of a long focus lens into the centre of the flask and 



Fig. 15. 


observations are made in a transverse direction. Observations 
should be confined to the focal plane, as far as possible, and a 
correction employed for convergence in the incident beam. 
Alternatively, a parallel beam obtained from a point source, 
placed at the focus of a good quality lens, may be used and the 
convergence correction dispensed with, since in liquids the 
scattering is ordinarily quite intense. The rest of the technique 
is exactly similar to that already described for gases. The 


1 It is of utmost importance that the liquids should be completely free 
from dust and other suspended particles in all experiments on light scattering, 
for obvious reasons. 

2 The relative merits of these sources have already been discussed. 
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Table XI 


Depolarization and Relative Intensities of Scattered Light 

in Liquids * 


Liquid 

Formula 

n 

Density 

a 

u, 

to 

0 

X 

QQ. 

8 

X 

Q. 

I obs. benzene 
= 3-15 

I calc, from (16) 
benzene = 3-2 

eo /-s 
0 in 

( t— ( 

s 

is 

References to 
columns 6 
and 7 1 j 

Water - 

HsO 

1-333 

0-996 

44 

8-8 

0-17 

0-25 

4-9 

7 

Carbon disulphide 

CSs 

1-656 

1-248 

95 

62-0 

13-0 

13-4 

72-4 

6&1 

Carbon tetra- 









chloride 

ecu 

1-468 

1-575 

114 

6-0 

1-02 

1-38 

1-6 

4& 1 

Chloroform 

CHCla 

1-453 

1-470 

108 

24-2 

U26 

1-83 

9-3 

1 

Methyl alcohol . . 

CH4O 

1-334 

0-783 

131 

4-9 

0-46 

0-67 

3-5 

7 

Ethylene chloride 

C2H4CI2 

1-453 

1-239 

87 

36-0 

1-44 

2-00 

14-0 

1 

Ethyl bromide . . 

CgHsBr 

J-430 

1-438 

144 

25-0 

1-58 

2-20 

13-9 

1 

Ethyl alcohol . . 

CgHeO 

1-367 

0-781 

121 

5-6 

0-55 

0-81 

2-6 

7 

Acetic acid 

C2H4O2 

1-376 

1-040 

99 

38-7 

0-95 

1-58 

25-1 

7 

Propyl alcohol . . 

CgHsO 

1-390 

0-804 

107 

5-8 

0-57 

0-84 

1-9 

7 

Isopropyl „ 

CsHgO 

1-382 

0-789 

114 

3-9 

0-53 

0-81 

1-1 

7 

Acetone 

CsHeO 

1-369 

0-791 

113 

25-0 

0-81 

1-21 

11-3 

5& 1 

Butyl alcohol 

Acetic anl/ydride 

C4H.10O 

1-390 

0-810 

86 

7-5 

0-60 

0-70 

1-6 

7 

C4UQO3 

1-395 

1-067 

89 

43-0 

1-01 

1-81 

16-6 

1 

Diethyl ether 

C4HaoO 1 

1-352 

0-702 

212 

8-0^ 

IM 

1-37 

3-7 

5& 1 

Ethyl acetate 

C4HSO2 

1-377 

0-889 

125 

23-0 

0-98 

1-34 

8-2 

3& 1 

Amyl al<^hol . . 

C5H12O 

1-397 

0-803 

91 

8-0 

0-74 

0-78 

1-5 

5& 1 

Hexane / 

C6H14 I 

1-372 

0-653 

159 

9-95 

1-00 

1-22 

2-8 

3<& 1 

Benzenq 

CbHs 

1-495 

0-868 

95 

42-0' 

3-15 

3-20 

18-0 

7 

Chloropenzene . . 

CeHsCl 

1-514 

1-095 

76 

60 

4-63 

5-36 

30-6 

2 

Aniline 

CeHfiNHa 

1-604 

1-013 

48 

60 

3-18 

5-02 

21-6 

2 

Nitrobenzene 

CeHfiNOa 

1-572 

1-203 

53 

68-2 

10-88 

7-48 

35-8 

3&2 

Heptane 

C7H16 

1-391 

0-684 

131 

10-0 

1-00 

1-13 

2-1 

1 

Anisol 

C^HgO 

1-508 

0-983 

63 1 

50-0 

3-52 

2-92 

14-3 

1 

Toluene 

C7H8 

1-509 

0-856 

97 

48-0 

3-53 

4-21 

20-4 

7 

Acetophenone . , 

CgHgO 

1-510 

1-001 

62 

70-0 

5-66 

7-46 

40-9 

1 

w-xylene 

CsNio 

1-511 

0-856 

91 

50-6 

4-10 

4-36 

18-8 

7 

Eucalyptus oil . . 


1-455 

0-919 

89 

36-0 

1-38 

2-06 


8 

Cajeputti „ . . 


1-462 

0-905 

84 

32-3 

1-38 

1-83 


8 

Coriandri „ . . 


1-464 

0-863 

86 

34-7 

1-66 

2-02 


8 

Anisi „ . . 


1-553 

0-978 

68 

75-8 

13-8 

16-3 


8 

Citronellae „ . . 


1-467 

0-841 

79 

34-7 

3-2 

1-88 


8 

Santali „ . . 


1*504 

0-947 

59 

33-8 

1-5 

1-64 


8 

Ground-nut „ . . 


1-467 

0-908 

66 

35-5 

2-0 

1*60 

-• 

8 


* The observations of Peyrot are with reference to benzene as one unit but they are 
given in the Table after reducing them to the scale of benzene = 3*15. Some of the results 
refer to white light and some to monochromatic light. The refractive indices in most cases 
refer to the F line and in a few cases to the D line. The small differences arising out of this 
are not very important. 

t 1. K. S. Krishnan, Phil. Mag., 50, 697 (1925). 

2. A, N. Banerjee, Ind. Jour. Phys., 2, 57 (1927). 

3. J. Cabannes, La diff. Moleculaire de La Lumiere (1929). 

4. S. Venkateswaran, Phil. Mag., 14, 258 (1932). 

5. S. P. Ranganadham, Ind. Jour. Phys., 7, 353 (1932). 

6. A. Rousset, Thesis presented to the University of Paris (1935). 

7. P. Peyrot, Comptes Rendus, 203, 1512 (1936). 

8. C. Dakshinamurti, Proc. Ind. Acad. Sci., 5, 385 (1937). 
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scattered light passes through a suitably oriented double image 
prism and nicol and measurements are made visually by the 
Cornu method. The observation bulb or the outer bath may be 
painted black on all sides, leaving t'wo suitable windows for 
incident light and scattered hght respectively. 

For purposes of measuring the relative scattering powers of 
liquids, a nearly parallel beam, emerging from a long focus 
lens, is first allowed to pass through a block of homogeneous 
and colourless jena glass 2 cm. thick, which is chosen as a 
secondary standard.^ The hquid under examination, contained 
in a bulb, is placed close to the block of glass and the whole 
system immersed in a rectangular bath containing a suitable 
hquid. Windows for the entry of the incident hght and the 
exit of the scattered hght are provided and the rest painted 
black. The apertures, through which the scattered hght comes 
out, are small rectangles adjacent to each other and situated on 
either side of the surface of contact between the hquid bulb 
and the standard glass. An opaque portion of about 4 mm. 
separates the two apertures and serves to cut off the hght diffused 
at the surface of contact. The comparison is made with the 
help of an Abney rotating sector photometer. The secondary 
standard is finahy compared with a freshly prepared bulb of 
ethyl ether, the intensity of the scattered hght from which is 
taken as unity. 

Sweitzer ^ has developed a more elaborate method in which 
the scattered hght is compared with the light from the source 
itself. Fig. 16 shows the disposition of this apparatus. Light 
from A, the positive crater of a carbon arc, is rendered parallel 
with the help of a lens L. The parallel beam is further limited 
by a system of apertures. It partly gets into the container C 
and is partly reflected by a glass plate R to M' and then to M" 
and M'". After passing through a blue glass N, it reaches a 
Lummer cube E. The scattered hght reaches the Lummer 
cube directly. ' The two beams are matched against each other 
with the help of a wedge W introduced in the path of the direct 


1 The choice of the secondary standard is somewhat arbitrary. 

2 Jour. Phys. Chem., 31 , 1150 (1927). 
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The function of N is to secure a bluish tinge to the 
direct light so that its colour may resemble that of the scattered 
light, enabling a proper match to be effected. A filter Q of 
quinine sulphate is inserted in the path of the incident light so 
as to cut off the radiations of wave-lengths smaller than about 
14000. 


II 



The experimental technique adopted for measuring the 
absolute scattering power is similar to that adopted in the case 
of gases. Cabannes and Daure compared the light scattered by 
liquid benzene with that scattered by ethyl chloride gas using 
the same bulb as has been used by Daure for ethyl chloride gas 
(Fig. 14) and thus obtained the absolute scattering power of 
liquid benzene. 

Effect of Temperature, Pressure, etc., on the Character of the 
Scattered Light . — It has already been pointed out that formulae 
\5a and 16 of chapter V, for the depolarization and intensity of 
the scattered light respectively, in dense media, are of wide appli- 
cability. In their derivation, no special assumptions have been 
made regarding the state of aggregation in the medium except 
that the fluctuations in density are given by the Einstein- 
Smoluchowski expression. Extensive data have been obtained, 
notably by Raman and his collaborators, with different 
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substances over a wide range of physical states and conditions. 
Ramanathan^ studied the scattering in saturated ether vapour 
and the liquid itself in the temperature range 30° to 190°C. and 
also in the gaseous phase above the critical temperature. 
Subsequently, Raman and Ramanathan ® studied the scattering 
of light in carbon dioxide gas in : (i) unsaturated vapour, (ii) 
saturated vapour in thermal equilibrium with the liquid, (iii) 
liquid under the pressure of its own vapour, (iv) liquid under 
impressed pressure higher than the vapour pressure, (v) substance 
in the vicinity of the critical state, and (vi) substance in the 
gaseous state above the critical temperature. The apparatus 
used by them has already been described (Fig. 8). The more 
recent work of Ramachandra Rao on the intensity of the light 
scattered by liquids at different temperatures has also been 
described in an earlier section. The main results implied in 
equation (16) of chapter V and verified experimentally by the 
foregoing authors are : — : 

(i) the intensity of scattering is given by formula (16) 

of chapter V over a wide range of physical states, 
except in the vicinity of the critical temperature, 

(ii) the intensity of scattering increases rapidly as the 

critical point is approached, 

(iii) the scattering powers of the saturated vapour, liquid 

and gaseous phases approach each other and 
converge to a very large value at the critical 
point, and 

(iv) the depolarization of the scattered light decreases 

with increasing temperature or increasing pressure 
and becomes vanishingly small at the critical state. 


1 Proc. Roy. Soc., 102, 151 (1922). 

2 Ibid., 104, 357 (1924). 




Chapter VII 


BINARY LIQUID MIXTURES AND LIQUID 
BOUNDARIES 


Introduction . — ^We have seen that in the case of a dense 


medium composed of one kind of molecules only, random 
fluctuations in the physical properties of the individual volume 
elements may occur on account of two causes. These have been 
designated respectively as fluctuations in number and fluctua- 
tions in orientation. We accordingly get two kinds of scattering, 
namely, the density scattering and the anisotropic scattering, due 
respectively to the former and the latter types of fluctuation. 
In the case of a binary hquid mixture, a given volume element at 
a given instant may differ from another not merely in possessing 
a different density and a different arrangement in space of the 
anisotropic molecules but also in having a different concentra- 
tion. Chance fluctuations of concentration are bound to 
occur and as a consequence, a third type of scattering will arise 
and this may be called concentration scattering. The total 
scattering I, in such a case, will consist of three parts as shown 
in (1). 

I = U-|-I„+I^ (1) 

L is the concentration scattering and does not exist in media 
composed of one kind of molecules only. L is the anisotropic 
scattering and does not exist if the medium is composed of 
spherical molecules only. L is common to all matter. We 
shall now evaluate I in the general case of a binary liquid mixture. 

Polarized Scattering from a Binary Liquid Mixture . — ^The 
whole medium may, as before, be divided into small volume 
elements, the volume of each of which is V. The average 
intensity of the light scattered by each volume element of such 
a medium in a transverse direction, when expressed as a fraction 
of the incident energy for unpolarized incident light, is (see 2a 


of chapter V) 


ll^r^ 


(AeE- 


( 2 ) 



90 


BINARY LIQUID MIXTURES AND LIQUID BOUNDARIES 


Substituting for (A«)^ in (2) from (20) of Appendix III, we 
obtain (3) for the intensity of the scattered light per unit volume 
of the medium.^ 


ti^RT 

2mv" 



( 3 ) 


The first term in (3) represents the light scattering due to 
fluctuations of concentration in the mixture (IJ. The second 
term represents the light scattering due to fluctuations of density 
when the mixture is regarded as a single hquid (Iqt). Both these 
effects give rise to scattered light which is linearly polarized, 
when observations are made in a transverse direction, irrespective 
of whether incident polarized or unpolarized light is used. In 
other directions, the laws of intensity and polarization are 
exactly the same as those that have been derived for pure density 
scattering. After substitution from (4) of chapter V, the 
second term of (3) may easily be seen to reduce to (6) of 
chapter V, as it ought to. The first term (Ic) may be further 


simplified, if we neglect S 2 ^ in comparison with ^ and 


assume that the saturated vapour obeys the gas laws. It 
may then be written as 


jr^M2 THi \dcj 
2N2V^' T1o^ ' 
dc 


(4) 


M 2 is the molecular weight of the second component in the 
gaseous phase. This result, originally obtained by Einstein,^ 
refers to the concentration scattering under certain simplifying 
assumptions. The simplifications made are only permissible 
when the total vapour pressure is not large. 

The relative importance of the two effects, namely, the light 
scattering due to fluctuations of density and of concentration 
respectively, depends on the circumstances of the particular 


1 The significance of the various letters and symbols occurring in this section 
is explained in Appendix III. 

2 Ann. d. Phys., 33 , 1275 (1910). 
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case. In the immediate neighbourhood of the critical solution 
temperature, the partial vapour pressures alter very httle with 
the composition of the mixture and the concentration scattering 
is easily seen to become very great. This accounts for the well- 
known phenomenon of critical opalescence. On the other 
hand, at temperatures far removed from the critical solution 
point or in cases in which the components are ordinarily com- 
pletely miscible, the partial vapour pressures change rapidly 
with concentration and the concentration scattering becomes 
very small. The density scattering is, however, an inherent 
property of the medium and is governed by the usual factors. 
It is evident that when either of the components forms only a 
small proportion of the mixture (very dilute solutions), the 
concentration scattering would disappear and the observed result 
would be due entirely to the density scattering. 

Anisotropic Scattering . — ^The anisotropic scattering (IJ may 
be evaluated directly in terms of the constants appropriate to 
the individual molecules as has been done in the case of a pure 
liquid. As the treatment is quite similar and formal, it need 
not be repeated here. It is, however, more useful to express 
this in terms of the polarized scattering and the observed 
depolarization of the scattered light. If q is the depolarization 
factor, it is easily shown that the total intensity of the scattered 
light is given by (5). 

■■ ■■ ® 

Io+I(i stands for the aggregate polarized scattering. 

Aggregate Intensity. — Thus, the complete expression for the 
intensity of the light scattered per unit volume of a binary 
liquid mixture of concentration c, in a transverse direction, when 
incident unpolarized light of intensity lo is used, is given by (6). 

I tt^RT r (ds\^ ' 

lo ~ 2NAV L (^) ' dc) 



Q stands for the observed depolarization of the light scattered 
by the mixture in question, in a transverse direction. In the 
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derivation of this anisotropic factor, use is made of the fact 
that the anisotropic scattering is depolarized and has a 
depolarization factor 6/7 in the transverse direction, when 
unpolarized incident light is used. 

In the expression (6), ^ and ^ are readily calculated 

from experimental data, if the vapour pressures at different 

ds 

concentrations are available for the given mixture. =- and 

Off 

~ have to be obtained in the following manner. As before, 
oc 

• B — 1 

we may either use the Clausius-Mosotti law = <rX constant 

or its modified form e— 1 =o-x constant and obtain alterna- 
ds 

tive values for ^ . For reasons already explained, the latter is 

the more appropriate form, when we are dealing with small 
volume elements and has accordingly to be used. This gives 
d T 

® = - — . The dielectric constant e of the mixture of a 
oa a 

certain concentration may be expressed as 
e-1 = 

where and pz are constants characteristic of each one of the 
constituents respectively. According as we regard e+2, on 
the right hand side, as a constant or as a variable, we obtain 
respectively 

dc~~ 3 ’ Bq 
or \ Wwii+/? 2 m 2 ) 

The former is the appropriate value when we are dealing with 
small volume elements but the latter applies to the medium as 
a whole. By plotting the observed dielectric constant against 

at any desired 


the concentration, we can obtain ^ 
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e+2 

concentration and dividing the result by —j— , we get the value 
de 

of ^ which should be used in expression (6). Thus, all the 

quantities occurring in (6) are either calculable or may be 
directly determined by experiment. It may finally be noted 
that if it is required to verify the theory in the case of a binary 
liquid mixture, it is necessary to have a knowledge of its dielectric 
constant and its variation with concentration, its density, refrac- 
tive index, depolarization of the scattered light, isothermal 
compressibility, temperature, partial and total vapour pressures 
and their variation with concentration, specific volumes of the 
vapours and the shrinkages in volume produced on dissolving a 
known quantity of the solute in the solvent. All these data 
are available only in one or two cases and accordingly we should 
regard the experimental work so far done in this direction as 
very meagre. 

Experimental Results . — On account of the various parameters 
involved in the expression for the intensity of the light scattered 
by a binary liquid mixture, the collection of complete data in 
respect of several mixtures becomes somewhat elaborate. Some 
of the main results only wiU be mentioned here. Expression (4) 
has been verified by Zernicke ^ in the case of a number of liquid 
mixtures in the neighbourhood of their critical solution tempera- 
tures. Quantitative measurements have been made by Ftirth,^ 
Martin and Lehrman,® Rav,* Parthasarathy ^ and several others. 
The general features of (6) are verified in all the cases. Mention 
may be made of the following facts. In completely miscible 
liquids and at temperatures far from the critical solution tem- 
peratures in the case of partially miscible liquids, the concentra- 
tion scattering is either altogether negligible or very small in 
comparison with the density scattering. Near the critical 
solution temperatures, the concentration scattering becomes 


1 Thesis, Amsterdam (1914). 

2 Wien Berichte, 124, 577 (1915). 

3 Jour. Phys. Chem., 26, 75 (1922). 

* Proc. Ind. Assoc. Cult. Sci., 9, 19 (1925). 
5 Ind. Jour. Phys., 8, 275 (1933). 
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very large in comparison with other types of scattering. The 
orientation scattering, which contributes to the depolarization, 
increases only in proportion to the density and the depolarization 
of the aggregate scattering accordingly diminishes rapidly as we 
approach the critical solution temperature. 

Scattering of Light by Liquid Boundaries . — ^The scattering 
phenomena, which have hitherto been dealt with, are characteristic 
only of transparent media and may all be described by one 
common name, the internal or body opalescence. Smoluchowski ^ 
first suggested that under certain special circumstances such as 
in the vicinity of the critical state, a substance may exhibit a 
different and distinctive phenomenon, which may be called the 
surface opalescence. Long after the suggestion of Smoluchowski, 
Mandelstam ^ made some observations by allowing light to fall 
on the boundary between two layers of a mixture of carbon 
disulphide and methyl alcohol near their critical solution 
temperature. As a result of these studies, Mandelstam con- 
cluded that in directions not far removed from that of 
regular reflection, there was also some scattered light and 
expressed the opinion that the effect was analogous to that 
predicted by Smoluchowski for the critical state of a single 
liquid. More recently, Raman and Ramdas^ examined the 
problem of the scattering of light by hquid boundaries, for 
various angles of incidence under a wide range of physical 
conditions, in about sixty liquids. 

The case of clean mercury, which is of special interest, has 
been investigated by them in great detail and may be dealt with 
here as a separate entity. In the case of normal incidence of 
unpolarized fight, the direction of incidence being vertically 
downwards, the following observations have been made. No 
striking variations of intensity are observed as the direction of 
observation is gradually altered from the vertical to the 
horizontal. When viewed nearly vertically, the scattered light 
exhibits no polarization but as the line of observation is more 


1 Ann. d. Phys., 25, 228 (1908). 

2 Ibid., 41, 609 (1913). 

3 Proc. Roy. Soc., 108, 561 (1925); 109, 150 and 272 (1926). 
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and more inclined towards the horizontal, marked polarization 
sets in. The light scattered in a grazing direction is almost 
completely polarized, the principal component of the electric 
vector being then perpendicular to the surface. It may be noted 
that in this respect the result is totally different from that 
encountered in ordinary Rayleigh scattering. In the case of 
normal incidence of plane polarized light, the phenomena 
observed are satisfactorily represented by Fig. 17. The lengths 
of the arrows give an idea of the intensity and the directions 
indicate the direction of the principal vibration in the scattered 
light. 



The intensity as well as the state of polarization vary greatly 
with the azimuth of observation. Scattered light is of greatest 
intensity in the azimuth containing the electric vector of the 
incident waves and is polarized in such a manner that the 
principal component of the electric vector is parallel to the di- 
rection of incidence. It has a minimum intensity in azimuths 
perpendicular to the above. Cases, where hght is incident at 
other angles, have also been studied by these authors. By 
adopting intermediate standards, they arrived at the result 
that the light scattered by a clean mercury surface, illuminated 
normally with unpolarized light in the green part of the solar 
spectrum and viewed at 45°, has an intensity which is only 
0-57x10'® times the brightness of a surface of plaster of paris 
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when viewed under the same conditions. The corresponding 
figure for transparent liquids is about 50 to 100 times larger. 
The case of ether, in which it is 43-4x10"®, may be cited for 
comparison. Besides mercury, Raman and Ramdas have 
studied a large number of transparent liquids and Table XII 
gives the results obtained by them in some typical cases. 

The notable features of these results are given below. The 
lighter paraffins, which have a low surface tension, exhibit a con- 
spicuous surface scattering. Formic acid, while showing 
practically the same internal scattering as acetic, propionic and 
butyric acids, exhibits a much smaller surface scattering than the 
others. This result may be connected with the high surface tension 
of formic acid in comparison with that of its higher homologues. 
Water, which has a high surface tension, has a low surface scat- 
tering, lower than that found in any other liquid except mercury. 
The transparent liquids show a surface scattering which is about 
50 to 100 times more intense than that observed with mercury. 
The surface tension of mercury is, on the other hand, about 
20 to 30 times larger than that of the transparent hquids. These 
results clearly show that the phenomenon of surface scattering 
has a genuine molecular origin and that it is closely connected 
with the state of tension to which the molecules in the surface 
are subjected. We may expect that the greater the surface tension, 
the more closely would the surface, under thermal agitation, 
approximate to a perfect optical plane and the smaller would be 
the surface scattering. The fact, that such an expectation is 
fully justified by the observations given in the accompanying 
Table, permits us to conclude that the surface scattering has its 
origin in the thermal fluctuations to which the oriented molecules 
at the surface are subjected. Such a fluctuation scattering would 
therefore increase with increasing temperature and decrease 
with increasing surface tension. 

Raman and Ramdas have also studied the effect of 
contamination and of approach to critical temperature on the 
phenomenon and also the changes produced when the surface is 
one of separation between two hquids, instead of between a hquid 
and its own vapour. An intimate connection is thus estabhshed 
between the intensity of surface scattering and the nature of the 
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Table XII 

Intensity of Surface Scattering in Liquids : 

Surface of Water as Standard 


Substance 

Surface 

tension 

Intensity of 
surface 
scattering 
(water =1) 

Intensity of 
body 
scattering 
(water = 1) 

Water 

72 

1 

1 

Pentane 


11-3 

5*7 

Isopentane 

14 

8-9 

5*3 

Hexane 

16 

8*5 

5*9 

Heptane 

. - 

8-8 

5*9 

Octane 

20 

7-8 

4*8 

jS-iso-amylene . . 

. . 

10-8 

7*7 

Ethylene chloride 

30 

3*8 

8-5 

Chloroform . . 

25 

6-3 

7*4 

Carbon tetrachloride 

25 

12-6 

6*0 

Silicon ,, 

16 

7-4 


Formic acid 

36 

4-6 

'6-1 

Acetic acid 

24 

4-9 

5*6 

Propionic acid 

27 

5*8 

6*2 

Butyric ,, 

27 

6*3 

6-0 

Ethyl ether . . • • ! 

15 1 

7*4 

5-9 

Methyl alcohol . . ' 

23 1 

4*0 

2-7 

Ethyl „ 

22 

5*2 

3-2 

Isopropyl . 

21 

7*2 

3-1 

Butyl ,, 

24 

7*4 

3-5 

Isobutyl „ 

23 

9-3 

3-7 

Trimethyl carbinol 


6-6 

3*5 

Albyl alcohol 

23 

7*8 

6*1 

Benzyl ,, 

40 

10-0 

12-4 

Ethyl formate 

22 

5*2 

5-0 

Propyl „ 

22 

7*4 

4*7 

Propyl acetate 

22 

5-6 

4-8 

Acetaldehyde 


4*9 

4-5 

Methyl ethyl ketone 


5-3 

4*0 

Mercury 

547 

0-1 



surface and the extent of tension under which the molecules 
in it are. 




Chapter VIII 


OPTICAL ANISOTROPY AND MOLECULAR 
STRUCTURE 

Relation of Depolarization to the Optical Anisotropy of 
Molecules in the Liquid and Vapour States . — ^Equations (2) of 
chapter IV and (15) .of chapter V express the relationship 
between and , 8,^^, respectively. <5^,,. and 

8 , calculated for a number of substances from the observed 

values of and , are collected here from Tables II and XI 
for comparison. 


Optichl Anisotropy in the Liquid and Vapour States 


i: 


Substance 

^Jiq. 

X103 

S^ap. 

Xl03 

Substance 

®liq. 

XlOS 

®vap. 

XlQS 

Water 

4-9 

17*1 

Diethyl ether 

3-7 

21-5 

Carbon disulphide 

72-4 

110-7 

Ethyl acetate 

8-2 

18-8 

Carbon tetrachloride . . 

1-6 

1-7 

Amyl alcohol 

1-5 

11-0 

Chloroform 

9-3 

15-3 

Hexane 

2-8 

12-7 

Methyl alcohol 

3*5 

14-5 

Benzene 

18*9 

39-6 

Ethylene chloride 

14-0 

29-5 

Chlorobenzene 

30-6 

43-3 

Ethyl bromide 

13*9 

19-7 

Aniline 

21-6 

54-7 

Ethyl alcohol 

2-6 

7-6 

Nitrobenzene 

35-8 

54-7 

Acetic acid 

25-1 

25-9 

Heptane 

21 

13-6 - 

Propyl alcohol 

1*9 

10-1 

Toluene 

20-4 

37-7 

Isopropyl alcohol 

M 

11-0 

Metaxylene. . 

18-8 

44-2 

Acetone 

12-7 

13-6 

Butyl alcohol 

1*6 

14-5 


(3jiq and should really have been identical with each 

other ^ if the polarization field in hquids is of the Lorentz- 

Lorenz type, contributing in all directions to the incident 

field E. The fact that they are so widely different from each 
other in a large number of cases being usually smaller than 
(3^ap,) is one of the most significant experimental facts and has 


^ This follows easily if we combine equations (15) and (18) of chapter Y 
with (2) of chapter IV. 
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been the starting point of the theory of the anisotropic optical 
polarization field originated by Raman and Krishnan and 
briefly described in an earlier chapter. 

The gradual passage of the effective anisotropy exhibited in 
the liquid phase to that observed in the corresponding vapour 
has been followed by Krishnan^ and later by Ramachandra 
Rao ® in a few liquids. The data obtained by Ramachandra 
Rao are given here for purposes of illustration. 

General Considerations . — ^The figures given in Table II show 
very convincingly that practically all the molecules are optically 
anisotropic. The values of the depolarization factors in 
individual cases give a rough idea of the order in which the 
molecules have to be placed with regard to their optical 
anisotropy. The most significant facts are the zero values of 
Q assigned to argon and methane, the very small value for CCI4 
vapour, and the comparatively large values for molecules like 
CO2, CS2, etc. This at once suggests that symmetry of structure 
plays an important part in determining the shape or the eccentri- 
city of the polarizability ellipsoid. The theories put forward by 
Lord Rayleigh and Born for the explanation of the imperfection 
of polarization of scattered light start from the assumption that 
molecules, in general, are optically anisotropic. It is, however, 
obviously of utmost importance to seek for the origin of such 
optical anisotropy in molecules in order to obtain a quantitative 
estimate of the same from their known structures. The earliest 
attempts in this direction were those of Silber stein.® These 
attempts were based on the idea of a mutual interaction between 
the various induced doublets in a molecule. Proceeding on 
somewhat similar lines, Bragg ^ successfully explained the double 
refraction exhibited by calcite and aragonite crystals. Following 
a suggestion by Raman,® Ramanathan ® proceeded to examine 
how far these ideas could be applied for calculating quantitatively 


1 Proc. Ind. Assoc. Cult. Sci., 9 , 251 (1926). 

2 Ind. Jour. Phys., 2, 7 (1927) and 3 , 1 and 21 (1928). 

3 Phil. Mag., 33 , 92 , 215 and 521 (1917). 

^ Proc. Roy. Soc., 105 , 370 (1924). 

® Nature, 114 , 49 (1924). 

8 Proc. Roy. Soc., 107 , 684 (1924). 
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the Optical anisotropy of certain simple molecules possessing well- 
known configurations. The ideas underlying the investigation 
of the above authors are as follows. Every atom in a molecule 
is polarized under the action of the incident light wave. So far 
as its external field is concerned, it may be replaced by an 
electric doublet of the requisite strength situated at its optical 
centre. If the atoms in a molecule are so far removed from one 
another that the field created by the doublet of any one atom 
at any other is negligible, then the effective field acting at each 
atom will be practically identical with the actual field. The 
polariza-biUty of the molecule as a whole will merely be the 
sum of the polarizabilities of the various atoms irrespective of 
the direction of the incident electric vector. In practice, however, 
owing to the close proximity of the constituent atoms in a 
molecule, the doublet of each atom creates a field around itself 
according to the usual laws of electrostatics and thus enhances 
or diminishes as the case may be, to different extents in different 
directions, the field acting on its neighbours. The result is 
that the aggregate polarizabihty of the molecule is enhanced in 
certain directions and diminished in certain other directions and 
the molecule acquires optical anisotropy. We shall now consider 
certain simple cases individually. 

Diatomic Molecules . — If we consider a diatomic molecule, 
say XX, and if the moment induced by an electric vector E 
acting in the direction of the line of centres is EC, composed of 
EC EC 

from one X and -y from the other, we may write down 
the equation 



ao is the polarizability of each atom in an isolated condition. 

2 EC 

The field E' acting on each atom consists of a term 

. . EC 

arising from a doublet strength at the other, which is at a 

distance r, besides the original field E. Similarly we have 
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where EA is the moment induced in the molecule when the 
electric vector E is acting in a direction normal to the line of 
centres. C and A, the principal polarizabilities of the molecule, 
may now be expressed as 


C = 


2ao 


1 _ ’ 



( 1 ) 


The average polarizability a of the molecule is given by (2). 


C*f’2A 2oco 


2ao 



( 2 ) 


This reduces to 2ao when r = oo , which means that the polariz- 
ability of a molecule is merely the sum of the polarizabilities of 
the constituent atoms when they are at such large distances 
that the terms arising from mutual action between the induced 
doublets are negligible. Otherwise, the polarizability is always 
more in the direction of the line of centres and less in directions 
perpendicular thereto. The average is slightly more than what 
would have been obtained on the law of additivity. 

Similar reasoning may be applied in the case of a molecule 
of the type XY. If out of the total moment EC, induced by an 
electric vector E acting along the line of centres, EC„ is from X 
and ^Cy is from Y, we have 

ec. = .(e+?^^) 
ec, = «,(e+?^). 

ai and ag are the polarizabilities of the X and Y atoms respec- 
tively. In a perpendicular direction, we have for EA„ and EAj^ 
which make up EA, 

ea, = ..(e-^), 

EA, = a.(E-^). 
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On solving the equations, we obtain the following expressions 
for C and A, the principal polarizabilities of the molecule. 


C = Cj+Cj, ~ 
A = A;t+Ay = 


OCj “t- 1X2 *1 

1 — 4Kia2//-® [ 

l—axcCi/r^ ) 


(la) 


These equations naturally reduce to (1) if we put aj = ag = . 

The average polarizabihty of the molecule is again given by 
C+2A 

3 ■ 

Polyatomic Molecules . — Following the same reasoning, 
Havelock^ has shown that for a molecule of the type YX 2 , 
in which the angle between the two YX lines is 2j3, the principal 
polarizabilities are given by 

2001+002+^^(3^-4) 

1 j OOl 2 sOiO02 


B 


('+4-i4?g)^“-+-+^(8ib HI 


COS 


C = 


8r> sin’W p*‘+°=‘ ®‘“ 




in'/?)}- 


-36°~sin'/?cos*jS 




''sitfi? cos* 


OOl and as are respectively the polarizabilities of X and Y atoms 
and r stands for the distance YX. If 2^ is put equal to 180", 
equations (3) reduce to (3a). 


1 Phil. Mag., 5, 158 and 433 (1927). 



COMPARISON WITH EXPERIMENT 


105 


A = B 


C 


1 2aiX2 , oci 


2 ai+a2 


31iXx«2 

4|.3 


8ai0C2 ai 

~ 4? 


(3a) 


These expressions are appropriate to linear triatomic molecules 
of the type of CO 2 and CS 2 . They may also be derived indepen- 
dently as has been done by Ramanathan^. 

If 2^ is put equal to 60° and xi = 0 .^ = ao, equations (3) 
reduce to (3b) on simphfication. 

A = ^*^0 



These expressions are appropriate to a molecule of the type X 3 
having an equilateral configuration with the side equal to r. 
Havelock and Cabannes have extended these methods to some 
more complicated structures such as those possessing a tetra- 
hedral symmetry, etc. 

Comparison with Experiment . — From (1) it will be noticed 

that 

C _ l+ap/r^ /.x 

A~l-2ao/r3 

Since the depolarization factor for a diatomic molecule is given 
by (see 19 of chapter III) 

2{C-Af 

^ 9A"-f-4a+2AC’ 


1 Proc. Roy. Soc., 107 , 684 (1924). 
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we can obtain a value for ^ from the observed value of q. 

If this is substituted in (4), we obtain ao/r®. From the known 
refractive index « of a gas, which is connected with the principal 
moments C and A and the average polarizability a by the 
relation 

n^-l C+2A_ 

4 ^ ~ ■ 3 

we obtain a value for • If values of ^" 3 ^^ and ao/r* 

so derived are substituted in ( 2 ), we get ao and hence r® also. 
This gives the distance between the optical centres. In the 
following Table, the values so calculated for four diatomic 
molecules are compared with the inter-nuclear distances derived 
from two other sources. 


Table XV 

Optical Anisotropy and Nuclear Distances 


Gas 

for A4860. 

P 

(C+2A)X1024 

C 

A 

aoXl024 

ex 108 

y-XlQS 

(band 

spectra) 

rx 10® 
(viscosity) 

Ha .. 

2-812 

0-027 

2-486 

1-541 

0-3976 

1-44 

0-75 

1-36 

O3 .. 

5-470 

0-065 

4-837 

1-958 

0-7300 

1-55 

; 1-20 

1-81 

Ns .. 

6024 

0-036 

5-326 

1-644 

0-8407 

1-78 

1 1-22 

1-89 

CI2 .. 

15-380 

0-041 

13-590 

1-700 

2-1280 

2-37 

1-98 

2-70 


The general agreement, particularly in the order of 
magnitude, between the values obtained from the data on light 
scattering and the values obtained by other methods is very 
satisfactory. It may, however, be noted that the values obtained 
from light scattering are invariably greater than those obtained 
from band spectra. This may be expected, as the centres of 
the electrical doublets which have been called the optical centres 
will not, in general, coincide with the positions of the nuclei 
but will be determined more by the distribution of the electron 
density in the molecule. In the case of polyatomic molecules 
also, similar calculations have been made by Ramanathan and 
by Cabannes and good agreement is obtained in respect of the 
order of magnitude. In spite of the apparent success of the 
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above theory, it is well to remark here that it is only of a very 
limited and quahtative nature and the drawbacks of the same 
will become even more obvious when we come to consider its 
extension to the theory of Raman scattering. 

General Relationships between Molecular Structure and 
Optical Anisotropy. — The figures given in Table II permit us to 
draw the following conclusions : 

(1) Aromatic and unsaturated ring compounds are usually 
more anisotropic than the aliphatic or the saturated ring com- 
pounds. This is evident on comparing benzene with cyclohexane 
or hexane. 

(2) Amongst the aliphatic compounds themselves, increasing 
unsaturation produces increasing optical anisotropy. This is 
evident on comparing the series ethane, ethylene and acetylene. 

(3) Homonuclear molecules are usually more anisotropic 
than the heteronuclear ones. This is evident on comparing H 2 , 
N 2 , O 2 on the one hand with HCl, NO, CO, etc., on the other. 

(4) Atoms and molecules, in which the atoms are sym- 
metrically disposed, exhibit a very small or no optical anisotropy. 
The cases of argon, methane and carbon tetrachloride are 
examples. Exceptions in SiF 4 and SiCh may be rioted. 




Chapter IX 


OPTICAL ANISOTROPY AND DIFFERENT TYPES 
OF BIREFRINGENCE 

Natural Birefringence . — The earliest attempts to explain the 
natural birefringence exhibited by crystals, by postulating 
certain structures, were those of Ewald. About the same time, 
a very comprehensive treatment in respect of the physical 
properties of crystals was published by Born^ and many attempts 
were then made to apply his methods for calculating the optical 
constants of certain crystals such as Hg2Cl2, etc. The calcula- 
tions involved are somewhat compHcated and cannot easily be 
extended to other cases. Bragg ^ has attacked the problem from 
a different point of view and successfully applied his methods to 
the case of several carbonates. The general principles underlying 
this method have already been indicated in the previous chapter 
in connection with the anisotropy of molecules. We shall now 
see how the known plane structure of the CO3 groups in calcite 
crystals can satisfactorily account for the magnitude of the 
observed birefringence and for the fact that this crystal is 
optically uniaxial with its optic axis normal to the planes of the 
CO3 groups. 

In the foregoing chapter, it was shown that the effective 
refractivity of an atom, when it is surrounded by close neighbours, 
is different from what it would be when it is in an isolated 
condition. Such a difference is also, in general, dependent upon 
the direction in which the refractivity is being calculated. This 
result has the important consequence of making a molecule 
optically anisotropic except in the special case where the con- 
stituent atoms are symmetrically distributed within the molecule. 
In the case of a crystal consisting of different kinds of atoms, 

denoted by the subscripts 1, 2 etc., we may denote their 

respective polarizabilities in an isolated state by ai, 0C2 • • • • etc., 


^ Dynamik der Kristallgitter (1915). 
2 Proc. Roy. Soc., 105, 370 (1924). 
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and if their effective contributions to the refractivity in a parti- 
cular direction x are given by Q* «i, C 2 * etc., we have 

the following equation : 


E ~ 471 “ ( ^ +'3E " ) + C2“a2t-2 . . .] . (1) 

Pa, is the total optic moment induced per unit volume of the 
crystal when the electric vector E acts in the jc direction Tn 

/ 4jj.p \ 

(1)> j stands for the ejBfective field E', derived on the 

assumption that the polarizable matter is spherically symmetri- 
cally distributed, v ^ . . . etc., represent the number of atoms 
of kinds 1,2... etc., respectively that are contained in each c.c. of 

the crystal. Substituting for | and slightly rearranging, we 
may write (1) as 

] 

^ J" [E^x**i^'i+C2®a2V2 ] 


S^lar equations may be obtained for the refractive index in 
other duections. 

Equation (2) is applicable to any crystal. We shall now 
aply It to the case of calcite in which there are three kinds of 
atoms, namely, calcium (1), carbon (2) and oxygen (3) The 
crystal structure of calcite as revealed by X-ray analysis will now 
be assumei Mcium atoms are separate ions by thenrselves 

mel, removed from the surrounding groups 

such that C, my be put equal to 1 for aU directions. Taking 
the atomic refractivity of Ca ions from Wasastjerna^ as 1-99, 

^ 1 . . 1 r\r\ V ^ 


we obtain 
M 


1-99X3<; 


as 0-165 if we 


take 


which is equal to 

M 

for calcite as 36-13. The carbonate group is known 


equilateral with the carbon atom at the centre 
and the oxygens at the corners of an equilateral triangle, the 

2 S 26 given in chapter XIV shows the unit cell of calcite lattice, 
ooc. Sclent. Fenn. Comm. Phys. Math., 7, 37 (1923). 
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side of which is 2-25 A.U. We shall further assume that the 
carbon atom has lost all its outer electrons to the oxygens and 
thus contributes nothing to the refractivity, giving us 477:v2X2 = 0. 
The oxygen atoms are arranged at the corners of an equilateral 
triangle and such a structure will cause anisotropy of refrac- 
tion. Assuming the atomic refractivity of oxygen^ in such a 

combination as 3-30 and equating it to we obtain 

ag = 1 *30 X 10~2^ 4:n!V3Xs is merely equal to = 0-822, 

as there are 3 oxygen atoms for every calcium atom in the 
lattice. We have already seen that for such a configuration, 
the effective moments per atom in directions perpendicular and 
parallel to the plane of the triangle (see 3d of chapter VIII) are 
given by 

.. _ ao llao^ 

where ao is the value appropriate to the isolated condition. 
We therefore have, in the case of calcite 


= 


ao 


1+^ 


1 + 


1 + 


2a3 


and c; = 


2r^ 


1 ^ _ 

A Q 


llag^ 


2/-3 4^6 


. Substituting for ag and r, we obtain Cg'^ = 0-814 and C” = 1-165. 
Substituting these values in turn in (2), we obtain the refractive 
indices for calcite when the light vector acts in a direction normal 
to the planes of carbonate groups and in the planes of the 
carbonate groups respectively. In the case of calcite, these 
two will be denoted as the extraordinary and ordinary indices 
and the calculated results are compared below with the observed 
values. 

Index Calculated Observed 

n. 1-468 1-486 

% 1-672 1-658 


^ See Wasastjema and also Bragg (loc. cit.). 
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The crystal structure of aragonite is slightly different but 
most of the above considerations apply to a high degree of 
approximation to this form of CaCOs as well. The carbonate 
group preserves its shape and dimensions and is accordingly the 
seat of birefringence as in the previous case. This crystal is 
biaxial but two of the principal refractive indices are very 
nearly equal to one another and we may therefore consider it 
as uniaxial as an approximation. Once this assumption is 
made, the only point in respect of which aragonite differs from 

calcite will be in the matter of its molecular volume — , which 

o 

in this case is 34-01. Accordingly 4nvicx.i will be 0-175 and 
ijcvzo-s will be 0-873 instead of the old values. The values of 

Cz^ and are however unaltered as we go from calcite to 

aragonite. Substituting these constants in turn in (2), we get 
the corresponding refractive indices and these are compared 


below with the observed values. 


dex 

Calculated 

Observed 

rij. 

1-502 

1-530 

«!! 

1-726 

1-681 

n» 

1-726 

1-686 


These calculations for calcite and aragonite were originally 
performed by Bragg by adopting a slightly different procedure, 
the principle underlying which is, however, the same as has been 
outlined above. We have now taken account of the influence, 
of only the nearest neighbours around each oxygen atom. In a 
rigorous solution, the effect of all the neighbours has to be 
taken into account. Such a process will become very com- 
phcated. Bragg has made further assumptions and extended 
the calculations so as to include the effect of some more 
neighbours and has shown that a better fit between the calculated 
and observed values may be obtained. 

Similar methods for calculating the natural birefringence 
have been adopted by Zachariasen^ in the case of NaHCOs 


1 Jour. Chem. Phys., 1 , 640 (1933). 
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crystals and Hendricks and others^ in some forms of ammonium 
nitrate crystals. The situation may be expected to be even 
simpler in molecular lattices such as are found in the region of 
organic crystals. It may now be said without any doubt that 
the natural birefringence exhibited by organic crystals will be 
determined firstly by the optical anisotropy of the molecule 
itself and secondly by the manner in which the various mole- 
cules that constitute the crystal are oriented with respect to 
one another. Numerous attempts have been made to connect 
the optical properties of the individual molecules with the 
optical properties of the crystal, as a whole, taking into con- 
sideration the known crystal structures.^ In certain cases, the 
crystal structures have also been arrived at by working in the 
reverse direction. Before a brief review is made of these 
attempts, it may be mentioned that the problem is somewhat 
complicated on account of the presence of disturbing factors 
such as the mutual influence between the optic moments induced 
in the neighbouring molecules. A rigorous solution of the 
problem is therefore not easy of obtaining. Nevertheless, 
qualitative relationships which are based on considerations put 
forward in the foregoing chapter have been of immense use 
in the recent years in unravelhng the crystal structures of 
numerous organic crystals. As an example, we may cite the 
two extreme cases of the long chain and ring-shaped molecules. 
It is easy to see that in the former case, the mutual influence of 
the doublets induced in the various atoms lying along the length 
of the chain is such as to enhance the refractivity of the molecule 
when the field is incident along the chain and diminish it when 
the field is incident along directions normal thereto. Con- 
sequently, if we are dealing with a crystal consisting of long chain 
molecules in which the lengths are arranged more or less parallel 
to one another, it is easy to identify, from a knowledge of the 
crystalline birefringence, the direction along which the lengths 


1 Z. Krist., 85 , 143 (1933). 

^ S. Bhagavantam, Proc. Roy. Soc., 124 , 545 (1929) ; Ind. Jour. Phys., 
4 , 1 (1929) ; K. S. Krishnan and S. Banerjee, Phil. Trans., 234 , 265 (1935) ; S. B. 
Hendricks and W. E. Derning, Z. Krist., 91 , 290 (1935); and several others. 
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of the molecules lie. This will be identical with the direction 
of maximum refractive index. On the other hand, if the crystal 
consists of ring-shaped or plane molecules so arranged that their 
planes are all parallel to one another, from a knowledge of the 
refractive indices of the crystal, this plane is easily identified as 
it should also contain the directions of maximum refractive 
index. The mutual influence of the various doublets in a 
molecule like benzene or naphthalene is such as to result in the 
refractive index normal to the plane of the rings being lowest. 
This conclusion is verified in a large number of organic crystals 
possessing known structures. It has been realized in recent 
years that such a procedure is of immense value as a preliminary 
to the study of crystal structure by the method of X-ray analysis. 
Table XVI is due to Bernal and illustrates the general relation- 
ships between birefringence and crystalline structure in organic 
compounds. 

The relationships between double refraction and crystal 
structure in inorganic crystals have also been treated in a semi- 
empirical manner by Wooster.’^ Structures have been divided 
into types which are characterized by certain degrees of double 
refraction. These are shown in Table XVII. Even in this 
empirical classification, one can see that the general principles 
laid down in the foregoing are operating in all classes of crystals 
except the last one. 

Electric Birefringence . — Most of the known liquids and gases, 
when placed in an electric field, exhibit a feeble birefringence. 
The behaviour of the medium in the presence of the field is 
exactly analogous to that of a uniaxial crystal with its optic 
axis parallel to the direction of the field. This phenomenon 
was first discovered by Kerr ^ and is now known as the Kerr 
effect. It has been found experimentally that the phase 
difference between the two principal components of the light 
beam is given by K/E^A where A is the wave-length of the light 
used, K is a constant characteristic of the substance, / is the 
length of the column of the medium in the electric field through 

1 Z. Krist., 80 , 495 (1931). '^ 

2 Phil. Mag., 50 , 337 (1875). 
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rictiicb uicijiicu uuL mi paraiici wiin -f-ve Direirmgence aii pianes inciuae airection oi Urea, benzene, spirohydantom. 

to a line. greater birefringence. 

Planes inclined in all directions Crystal almost isotropic . . Molecules cannot be arranged Succinimide, hydroquinone. 

as in 3a or 3b. 
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Table XVII 


Relation between Crystal Structure and Optical Properties : 
Inorganic Crystals 


No. 

Type of crystal 
structure 

Nature of crystalline 
birefringence 

Examples 

1 

Layer lattices 

Strong negative 

double refraction 

1 except when the 
substance contains 
hydroxyl ions. 

Pb02, Cdl2, mica, 
etc. 

2 

Chain lattices 

Strong positive 

double refraction 
when the chain is 
parallel to the optic 
axis. 

HgS, Se. 

3 

Structures with 

strongly asymmetric 
groups. 

Large double re- i 
fraction. 

CO3, NO3, N3, etc. 

4 

Structures with sym- 
metrical groups. 

Low double refrac- 
tion. 

SO45 CIO4, Si 04 ,etc. 

5 

Lattices consisting of 
three dimensional 
network. 

Do. 

Quartz, Felspar, etc. 

6 

Certain iron and 
titanium bearing 
substances. 

High double refrac- 
tion which is not 
due to marked 
asymmetry in the 
crystal structure. 

Ti02, Fe203, etc. 


which the light passes and E is the strength of the electric field 
in electrostatic units. If the principal refractive indices^ are 
Up and Hg, the phase difference may also be written as l{np—n^. 
Equating the two we have 

■rr 

K is dependent to some extent on the wave-length, the density 
and the temperature of the substance and has been customarily 
named the Kerr constant of the substance. 

There have been many attempts at explaining the mechanism 
of this phenomenon. The first successful one was based on the 

^ Up and Hs are the indices obtained when the electric vector of the incident 
light is respectively parallel and perpendicular to the direction of the electric 
field. 
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idea of optically anisotropic molecules. It was given by 
Langevin.^ ■ The electric field is supposed to exercise an orienta- 
tive influence on the molecules owing to the interaction between 
the field and the induced moments. As the molecules them- 
selves possess an intrinsic optical anisotropy, the ordered 
orientation which lasts as long as the field lasts, results in the 
fluid as a whole becoming optically anisotropic with the direction 
of the field as an axis of symmetry. Born,^ later, introduced the 
effect of the possession of a permanent electric moment by the 
molecules and modified the expressions given by Langevin for 
the Kerr constant. We shall now consider in detail the Langevin- 
Born theory of electric birefringence and show that it is 
intimately connected with the subject of optical anisotropy of 
molecules. Let the static electric field be represented by Eo 
along OZ (Fig. 5). The potential energy of a molecule 6, <p, f 
in the field is composed of two parts. The first part arises 
from the possession of a permanent electric moment whose 
components along the principal optic axes of the molecule may 
be denoted by [Xi, fx^, /xz and the second part arises from the 
induced moments. The potential energy may be written as 

U = — (^lEo cosZX' + /X 2 E 0 cosZY ' + /xzEo cosZZ') 

- -HA(Eo cosZX')"+B(Eo cosZY')"+C(Eo cosZZ')^. ' 

A, B and C represent the principal electric moments induced in 
the molecule by a unit electric field acting respectively along 
the three principal axes of the ellipsoid of optical polarizability. 
The probability that a molecule may be found in a solid angle 
d(o may now be written as 

C . e . sin6 dOdqxiip . 

If a light wave of amplitude E- in the direction of OZ is incident 
in the direction OY, the resultant moment induced in the direction 
OZ may be written as ^ 

p, = (A cos^ZX'-l-B cos"ZY'-FC cos'ZZ'jE,. 

1 Jour. d. Phys., 7, 249 (1910). 

2 Ann. d. Phys., 55 , 111 (1918). 

3 See (17) of chapter III and the subsequent treatment. 
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Similarly the component along OX of the moment induced in 
each one of these molecules by a light wave of amplitude E,, 
along OX may be written as 


= (A cos^XX' + B cos^XY'+C cos^XZ^E^. 


The average moment induced per molecule per unit field in the 
direction OZ, when the vibration vector in the incident field is 
in the direction OZ, may be denoted by and is given by ^ 

.Pg. sin(9 d6d<fdtp 

^ J, ^ 

' .sin0 dddcpdy) 

Similarly a^, is given by 

. Px . sin6 dddcpdip 
Ea,Cj e . sin0 dQdpd'tp 
„ A-4-B + C 

By separating out the constant factor — — and neglecting 

higher powers of IJfkT in the exponential expansion on the 
assumption that U/A:T is small, the integrals may be evaluated 
and the following results obtained. 


CCg = 


A+B+C , 
3 ^ 


^'{4^[(A-B)(A-B) + (B-C)(B-C)+(C-A)(C-A)] 

(C-A)]| , 

_ A+B+C 

3 

¥ [ 45 W KA-B)(A-B)+(B-C)(B-C) + (C-A)(C-A)] 

+ 45^[(^i"-/^2^)(A-B)+(^,2-^3^)(B-C) + 

(iUs^-p^%C-A)] I . 


Integration refers to all the three variables, 0, <f> and as before. 



ELECTRIC BIREFRINGENCE 


119 


If we use the symbols 6>i for 


45kT 


[(A-B)(A-B) , etc.] 


uud 0 2 for /^ 2 ^)CA B) , etc.] , we ha.ve 

[2{0i+ 6>2}] and a^, = a— ^ [01+02]. .. (3) 

The following relationships also hold. 

VzJ- _ 4?^ . n/— 1 _ . Ko®— 1 4jz:m ... 




3 ’ n/+2 


«o^+2 


The effective field Eq is related to the external field E by the 
relation 

E.= E(i±2). 

Differentiating the last of the relationships in (4), we have 

An^ _ (wq^— l)(«o^+2) / A°c 

Tio 6no^ \ a V J ‘ 

Substituting for from equation (3) and remembering that 
the effective field is E , we have 

Tip— no _ (no®— l)(«o®+2) (Av , /e+ 2 V 0 i+ 02 ) 

no 6no^ \ V \ 3 J a T 

n^—no _ (np^— l)(no^+2) (A^ E^ /e^\®0i+02) 


We now obtain (6) by combining the two equations numbered 
(5). The value of K is then given by (7). 

Up Hg (Wo® l)(no® + 2) E^ I ^ ^£ + 2^® 01 + 02 1 /■£:\ 

no ~ 6no® -Tr V 3 7 a j = • • (6) 


rr _ ' 


np—Hg _ (no®+2)^7rv /e+2 


[01+02]. .. (7) 


In the case of a gas, no and e are both very nearly equal to 
unity and equation (7) reduces to (8). 

K= ^[01+02] = K 1 +K 2 . 


( 8 ) 
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The two terms Ki and K2 may be denoted as the anisotropic and 
dipole ones respectively. If the molecules are electrically 
non-polar, the second term vanishes and if the molecules are also 
optically spherical, both the terms vanish. A further simplifica- 
tion may be effected in the following manner by expressing 
01 and 02 in terms of the optical anisotropy of the molecule. 
Let us assume in the first instance that the molecule is electrically 
non-polar and that 

A_B_C a- 
A B C no^-r •• 

where e is the dielectric constant and n is the refractive index. 
The expression for 0 x reduces to 

45W ■ [(A-B)=+(B-C)H(C-A)-]. 


Substituting 25 (A-fB-fC)® for (A— B)^-1-(B— Q^-fCC— Ap and 
simphfying, we have 


fit - va-l)(»o^-l) Q 

SkWv^ ' 6 - 7 q' 


( 10 ) 


Therefore 


1 ^ 3(a l)(no 1) Q ri i\ 

47 tkTvl ' 6 - 7 q 

This equation, first deduced by Raman and Krishnan,^ shows 
the relationship between the Kerr constant and the depolarization 
factor for a non-polar gas. In the case of electrically polar 
molecules, 02 does not vanish and has to be evaluated. 6>i 
is usually small in comparison with 02 and the above procedure 
may still be adopted for evaluating it except that e should now 
stand for the induced part of the dielectric constant alone, the 
contributions from the permanent moments being entirely 
omitted. 02 may, in general, be evaluated only if we know 
the values of /ii, juz and /r.3. In the simple case where the 
optical ellipsoid is a spheroid (A=B?^:C) and the permanent 
moment is either parallel to the axis of the spheroid or is 
inclined to it at some known angle 6 , 02 can be evaluated 


1 Phil. Mag., 3 , 713 (1927). 
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in terms of the depolarization factor. Putting A=B and 
^ 3 ^ = ^2 cos^0 and sin®0, we have 

= 45^2^ [(C-A)(2 cos^dsin^d)] 


(/lo-iy 
- SOjtvk^T^ 


(2 


cos^0— sin^0 



5q 

6-1 q‘ 


( 12 ) 


In deriving (12), use is made of (2) of chapter IV. The + or 
— sign should be taken according as the optical ellipsoid is 
prolate or oblate, i.e., according as A=B. We thus arrive 
at the most important result that if the permanent electric 
moment of the moleeule lies along directions of smaller optical 
polarizability of the molecule,, then the medium should exhibit 
a negative Kerr constant. An example of this type is chloroform. 
T his substance exhibits a negative Kerr effect and this is -due 
to the fact that the optical elhpsoid of the molecule is a spheroid 
with a minimum polarizability along the CH line. The axis of 
the permanent doublet may also be taken to be in this direction 
and hence the negative Kerr constant stands satisfactorily 
explained in terms of the Langevin-Born theory. 

In the case of liquids, we have the relation 


A'_B' _C' _ e-1 Ino^-l 
A'~B' C s+2jno^+2' 


instead of (9) and the expression for 0i reduces to (13). 


01 = 


1 £-1 Ho "+2 


45;tT £- 


4 [(A'-B')^+(B'-C0^+(C'-A0^]. 

Z «o 1 


(13) 

If in the first instance we consider non-polar liquids, 02 
vanishes and 


6[(A'-B0"+(B'-CT+(C'-A')^] 
lOkT^viA' + B' + C')" + 7[(A' - B')^ + (B' - C ')' + (C -A'y] ’ 

A'TB' + C' 

^^7+2~ 3 ' 3 


giving 


fit 9j3(£— 1 )(« 0 ^— 1) gliq. 

8?rMe + 2)(no"+2) ' 6-1 ' 


(14) 
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With the help of (18) of chapter V, it may easily be seen that 
this reduces to (10) if the medium is gaseous (e and no nearly 
equal to unity), q in (10) refers to the depolarization factor in 
the gaseous state. The Kerr constant of a non-polar liquid is 
therefore given as 

- 1 )(ho^ + l){e - 1 )(s + 2 ) gii,, 

IAtIHoX " 

In the case of polar liquids, the considerations, which are 
complicated, are to some extent empirical. Reference may be 
made to a paper by Raman and Krishnan.^ In the following 
Tables, data regarding the Kerr constants of a few typical vapours 
and of non-polar liquids are given. The wave-length has been 
assumed to be 25460 A.U. in the case of the liquids. 


Table XVIII 

Kerr Constant of Gases and Vapours 


Gas or Vapour 

(^-1) 

XW 

Ax 108 

(«o-l) 

Xl08 

s 

X 

Q. 

liX 

1018 


T 

K,X 

1010 

KaX 

1010 

Kx 

1010 

Calc. 

^11 

Hydrogen 

264 

4550 

141-4 

2-6 

0 


308 

0-008 

0 

0-008 

<0-01 

Carbon dioxide 

976 


451-0* 

9-7 

0 


308 

0-37 

0 

0-37 

0-34 



5460 

450-6 

9-7 

0 


291 

0-32 

0 

0-32 

0-26 

Nitrogen 

606 


298-2 

3-6 

0 


308 

0-043 

0 

0-043 

0-057 

Nitrous oxide 

1060 

77 

510-0 

12-5 

0 


299 

0-52 

0 

0-52 

0-36 

Carbon disulphide . . 

2900 


1485* 

11-5 

0 


330 

3-40 

0 

3-40 

3-85 

Acetylene 

1243 


605-1 

4-5 

0 


298 

0-24 

0 

0-24 

0-34 

Chlorine 

1570 


784-0 

4-1 

0 


297 

0-35 

0 

0-35 

0-42 

Benzene 

3000 


1820* 

4-5 

0 

'• 

387 

1-32 

0 

1-32 

1-02 

Oxygen 

547 

6500 

269-2 

6-5 

0 


273 

0-062 

0 

0-062 

0-069 

Hydrogen chloride . . 

1040 

5460 

448-0 

0-7 

1-03 

0 

291 

0-022 

0-84 

0-86 

1-05 

Ammonia 

768 


387-0 

1-0 

1-44 

0 

291 

0-020 

1-69 

1-71 

0-64 

Chloroform 

4200 


1442-0* 

1-8 

1-05 

0 

363 

0-60 

—2-91 

-2*31 

-1-37 


* «G refers to A5893. 


It may be mentioned here that with the help of the optical 
constants obtained in the vapour state, the Kerr constant to be 
expected in the corresponding liquid may easily be evaluated. 
The validity of such calculations rests on the validity of (18) 
of chapter V. It has already been mentioned that (18) of 
chapter V does not hold good in many cases and that Raman 


Phil. Mag., 3 , 724 (1927). 



MAGNETIC BIREFRINGENCE 


123 


Table XIX 

Kerr Constant of Non-polar Liquids 


Liquid 

Formula 

€ 



jSxlOe 
per atm. 

Kxl07 

calc. 

KxlO? 

obs. 

Hexane 

C6Hi4 

1-729 

1-372 

0-0995 

159 

0-049 

C 0-045 
i 0-056 

Carbon disulphide 

CSg 

2-593 

1-656 

0-62 

95 

3-11 i 

3-23 

Benzene 

CeHe 

2-284 

1-495 

0-42 

95 

0-60 

0-59 


and Krishnan have, in this connection, introduced the idea of an 
anisotropic optical polarization field. In order that (15) may 
be successfully applied, we must therefore use either the observed 
p,. or the corresponding value calculated from p and the 
dimensions of the molecule on the basis of Raman-Krishnan 
theory. 

Magnetic Birefringence . — Cotton and Mouton observed for 
the first time in 1907 that some liquids, when placed in a magnetic 
field, exhibit a feeble birefringence. This effect, known as the 
Cotton-Mouton effect, is the magneto-optic analogue of the 
Kerr effect. The behaviour of the liquid in the presence of 
a magnetic field is again hke that of a uniaxial crystal with its 
optic axis parallel to the direction of the field. We may 
introduce a quantity C given by 

^ ''142 

C is again dependent to some extent on the wave-length, the 
density and the temperature, and is termed the Cotton-Mouton 
constant. If a, b and c are the principal diamagnetic moments 
induced by a unit magnetic field acting along the respective 
principal axes, adopting a reasoning which is similar to that 
adopted in the case of Kerr effect, we can arrive at the following 
equation. 

_ Up— Us _ {no^—\){n f‘+2) 6>i 

XW ~ 4Xn • a' ’ 

where 

01 = 4 ^[(a-h)(A'-B')+(h-c)(B'-C')+(c-a)(C'-A')]. 
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Equation (16) is analogous to ( 6 ) of the section on Kerr effect. 
It may, however, be noted that the term 6>2 of ( 6 ), which arises 
only in the case of molecules possessing a permanent electric 
moment, is not present in (16). This is a consequence of the 
fact that we are dealing with molecules which do not possess a 
permanent magnetic moment. The effective magnetic field and 
the actual field do not appreciably differ from each other in 


diamagnetic media and hence no term analogous to 



present in this case. Dashed letters are not used for the magnetic 
moments for the same reason, although expression (16) refers 
to the hquid state. (16) may alternatively be written, by replac- 

ing a' with - — ^ — , in the following manner as has often 

been done in the literature. 


C = 


np—n^ _ (no^— l)(no^+2) 

XW ” 60kTXn ^ 

[(a-b)(A'-B')+(b-c)(B'-C)+{c-a)(C-A')] 


A'+B'+C 


. .. (17) 


It is easily seen that the Cotton-Mo uton constant vanishes if the 
molecule is either magnetically or optically isotropic or both. 
A direct correlation of the Cotton-Mouton constant with the 
optical anisotropy, in the general case, is not possible, but in a 
simple case where A'=B' and a—b, it may be effected. We 
then have 


r — (^ 0 ^— 0 (^ 0 ^+ 2 ) ^ 
60kTXno • 


(c-a) 


a -A' 
C+2A' 


(18) 


We also have the following relations, if x stands for the gramme 
susceptibility. 


C-A' 

C+2A' 



and 


C-|-2a 

3 


X.M 

N 


Certain very interesting conclusions emerge out of (18). 
In diamagnetic substances, c and a are always negative and it 
is easily seen that C is always negative if c—a has the same 
sign as C'— A'. This may be interpreted by saying that if the 
directions of maximum optical polarizability and the numerically 
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maximum magnetic susceptibility coincide, the substance will 
exhibit a negative Cotton-Mouton effect. Extensive investiga- 
tions of Ramanadham^ have shown that a great majority of the 
aliphatic compounds, particularly the saturated ones, come under 
this class. On the other hand, C is positive if c—a and C'—A' 
have opposite signs. This implies that a positive Cotton- 
Mouton effect will result, if the direction of the maximum optical 
polarizability coincides with that of the numerically minimum 
magnetic susceptibihty. Most of the organic compounds of the 
aromatic class come under this category. Benzene itself and all 
its derivatives are typical examples of substances exhibiting 
strong positive magnetic double refraction. Direct experi- 
mental confirmation of these relationships ® is also made available 
by first working with typical organic crystals in respect of their 
optical and magnetic properties and then with their solutions 
in respect of their magnetic birefringence.® Crystals of naph- 
thalene afford a striking example of the class of substances in 
which the directions of maximum optical polarizability and 
minimum magnetic susceptibility coincide. Molten naph- 
thalene and solutions of naphthalene in carbon tetrachloride 
accordingly, exhibit strong positive Cotton-Mouton effect. A 
striking illustration of the other class of substances is available 
in iodoform.® The direction of the maximum optical polariz- 
ability coincides with that of the maximum magnetic suscepti- 
bility and we should therefore expect solutions of this substance 


1 Ind. Jour. Phys., 4 , 15 and 109 (1929). 

2 The conclusions generally hold good in many other unsymmetrical 
cases also. For a rigorous treatment of such a case, we may, however, consider 
the more general expression (17) in a similar manner. 

3 S. Bhagavantam, Ind. Jour. Phys., 4 , 1 (1929). 

^ Carbon tetrachloride, being symmetrical, is a neutral substance from 
the point of view of magnetic birefringence. 

® In both naphthalene and iodoform crystals, the molecules are all 
situated in such a way that their principal axes are more or less parallel to 
each other and hence we could assume that the relative orientations of the 
principal axes of the molecule are nearly the same as those that are found for 
the crystal. In more complicated cases, relative orientations of the molecules 
present in the particular case have to be taken into account. 
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to exhibit negative Cotton-Mouton efifect. We have no data in 
respect of this, but both the analogous cases- of chloroform and 
bromoform exhibit negative Cotton-Mouton effect. It is not 
possible to verify (18) experimentally unless the values of c and 
a are known. As such we shall, in a few typical cases of sphe- 
roidal symmetry for which x and C are known, calculate 
the values of c and a. The results for three liquids are given 
in the following Table. 


Table XX 

Cotton-Mouton Constant of Liquids 


Substance 

Sxl03 

T 

xxl0« 

no 

\cxm^ 

CX1028 

£2X10^8 

Benzene. . 

18-0 

303 

-0-71 

1-495 

59-0 

1-48 

0-63 

Carbon disulphide . . 

724 


-0*54 

1-656 

-49-6 

0-85 

0-59 

Chloroform 

9-3 


-0-50 

1-453 

- 7-0 

0-93 

1-09 

Benzene vapour 
(A5460) 

39-6 

363 

same as 
liquid 
reduced 
to N.T.P. 

1-00182 

0-250 

1-54 

0-60 


Many other substances have been studied from this view- 
point and results of great significance obtained. For a more 
detailed discussion of this subject, reference may be made to 
a recent article by Schutz.^ Recently, Konig^ has obtained 
the Cotton-Mouton effect in benzene vapour. His result is also 
quoted in the last row of Table XX. Equation (18) applies to 
the case of vapour if the dashes on the optic moments are 
omitted. The value of d appropriate to the vapour state has 
to be used. Assuming that the mean molar magnetic suscepti- 
bility remains unaltered as we pass from the liquid to the 
vapour state in benzene, we may similarly calculate the principal 
magnetic moments. The values so calculated and given in the 
last two columns agree very well with those obtained in the 
Uquid state. This result shows that not only the mean suscepti- 
bility but also the magnetic anisotropy of the benzene molecule 
remains unaltered as we pass from the liquid to the vapour state. 

^ Handbuch Der Experimental Physik, 16, 210 (1936). 

2 Ann, d. Phys., 31, 289 (1938). 
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Mechanical Birefringence . — Maxwell first observed that 
mechanical agitation induces birefringence in an otherwise 
isotropic liquid. This effect is easily demonstrated in the follow- 
ing manner. If a liquid is contained in the gap between two 
coaxial cyhnders and if the inner one is made to rapidly rotate, 
the liquid exhibits a feeble birefringence. The behaviour of the 
hquid as a whole is analogous to that of a uniaxial crystal. This 
phenomenon, which may be denoted by the term mechanical 
birefringence, is now known as the Maxwell effect. A simple 
arrangement, originally suggested by Maxwell, has been recently 
adopted by Vorlander and Walter^ who studied the Maxwell 
effect in a large number of liquids. In their experiments, these 
authors passed a beam of plane polarized hght through the 
hquid, contained between two coaxial cylinders, in a direction 
parallel to the axis of the cylinders. The inner cylinder is 
rotated at a high speed and the birefringence exhibited by the 
hquid is measured by suitable optical methods. The experi- 
mental arrangements of Vorlander and Walter have been criti- 
cized by Sadron ^ on the ground that the former authors adopted 
speeds of rotation so excessive that turbulence may have set 
in. Sadron repeated the experiments in a few typical liquids 
with improved apparatus and lower velocities and obtained 
results somewhat different from those obtained by Vorlander 
and Walter. 

An obvious conclusion which may be drawn from the work 
of these authors is that Maxwell effect is observable in numerous 
common liquids in the pure state and is therefore a property of 
the hquid itself. That this phenomenon is also intimately 
connected with the optical anisotropy of the molecules and 
that it may be explained in a satisfactory manner on lines 
similar to those adopted by Langevin and Born in the case 
of electric and magnetic birefringence, were first pointed out 
by Raman and Krishnan Theory of the Maxwell effect as 
given by Raman and Krishnan will now be outlined. 


1 Z. f. Phys. Chem., 118, 1 (1925). 

2 Jour. d. Phys., 7, 263 (1936). 

2 Phil. Mag., 4, 769 (1928). 
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The birefringence is regarded as arising from the optical 
anisotropy of the molecules as in the electric and magnetic 
cases. The agency which causes the molecules to orient in 
specific directions in this case is, however, the mechanical stress 
in the fluid, different parts of which are in relative motion with 
respect to one another. The viscous forces, called into play, 
act on the non -spherical molecules and orient them. This 
orientation lasts as long as the relative motion persists and the 
liquid as a whole exhibits birefringence. 




Fig. 18 . 



In figure 18, which represents a section perpendicular to the 
common axis of the cylinders, the inner cylinder is rotating in 
the direction of the arrow and the outer one remains fixed. The 
tangential viscous forces, called into play, may be regarded as 
composed of two sets of stresses, one set consisting of tensions 
and the other set of pressures, acting along two directions which 
are mutually perpendicular and inclined at 45° to the line of 
flow. If V is the linear velocity at the surface of the inner 

cylinder and if c is the clearance between the cylinders, ^ is the 

velocity gradient and the viscous force called into play is ly ^ 
per unit area, where ?y is the viscosity of the medium. This is 
equivalent to a tension of jy ^ per unit area and a pressure of 
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per unit area. Orientation now takes place in such a manner 
that the longest dimension of the molecule tends to lie along the 
axis of tension. An equilibrium between this tendency and 
thermal agitation of the molecules sets in and the resulting state 
of statistical equilibrium gives rise to birefringence. 

The direction of tension, the direction of pressure and an 
axis parallel to the axis of rotation are chosen as the Z, X and 
Y axes respectively. We now consider a molecule whose prin- 
cipal geometric axes have an orientation 6, cp and %p in the 
above system of co-ordinates (Fig. 5). We now assume that 
the potential energy of such a molecule is proportional to 

V \ 

rj ' coefficient of proportionality being a function of 

0, (p and yj. v is the number of molecules per c.c. of the medium. 
We write the potential energy as 

U = -(coi cos^ZX'-l-caa cosOT'-t-cos cos^ZZ')?? • - • - . 

The proportionality factor is so chosen that it does not change 
sign if the molecule is rotated through 180°. <ui, co^ and cos 
are constants to be determined. 

The probability of a molecule being found in a solid angle 
d(o is given by 

C . sin0 dddcpdy). 


In the oriented state, the average potential energy per molecule is 
_ . U . sin6 dBdcpdip 

Cj e sin0 dddpdip 


(fa)i + a>2+co3) V 1 

3 ^ c V 


45/cT 


j^(ct>i — mT +(co2— cosY 


If, on the other hand, the molecules are oriented entirely at 
random, the average potential energy per molecule will be 
given by 


Uo = 


Ju sinfi ddd(pdy) 



— {coi+coz+coz)^ V 1 
, - . - . 

3 c V 
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The difference Uo— U multiplied by v gives the diminution of 
potential energy per unit volume consequent on orienting the 
molecules contained in it and is equal to 


(Uo— co2)^+(«2— a)3)^+(ca3 — 


.. (19) 

Making certain simplifying assumptions, Raman and Krishnan 
have calculated this quantity in a slightly different manner. If 
the molecules are arbitrarily oriented, it may easily be shown 
that the average effective length of the molecule in any direction, 
say the Z direction, is simply 


Cl 

3 ’ 


.. (20) 


where d, b and c are the geometric dimensions of the molecules. 
On the other hand, under the action of tensions in the Z direction, 
the average length of each molecule in the Z direction will be 

J cos"ZX'+& cosOT'+c cos^ZZ') sin0 clQdcpdxp 

j dOdfpdy} 

+ (w3— tui)(c— a)J . .. (21) 


The difference between (20) and (21) divided by (20) gives the 
effective expansion per unit length along the Z axis owing to 
the orientation of molecules under the action of a tension equal 

V , 

to - in this direction. The work done per unit volume by 

this tension is therefore given by 

1 w 2 , 

'^'^'c‘45kT^ 


c 


(coi — co2)(a — Z>) + (ft)2 ~ (Os)0> —c) + ioi3—o)i)(c— d)~\ 
d+b+c 


I . 1.1 

J ^ c y 


( 22 ) 
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Equating this to (19), we have 

3 + (<»2— ft>3)(^— c) +(co3 — a) 

21 a+b+c 


(tWi — fUa)® + (a)2 — coa)^ + (ft>s — coi)^. 

A solution of this equation is 


coi— a>2 _ u>2— cog _ (Oz—coi _ 3 

o, b b c c — Q, '2, ifl~\-b~\~ ^ 

The birefringence consequent on such an orientation may now 
be calculated by a procedure analogous to that adopted for the 
Kerr effect. 

If light is incident along the Y axis and has an amplitude 
Ej in the direction of Z, then the moment induced in a molecule 
B, <p, y) in the Z direction is 

= (A' cos*ZX'+B' cosOT'+C' cos*ZZ')E, 

and there are C J e sin6 dSdcpdy) such molecules. The ave- 
rage moment induced per molecule per unit field in the Z 
direction is given as before by 


C J e Pz sin0 dBdcpdy) 
EjC sin6 dBd(pdip 


a^' is given by a similar expression as in the case of Kerr effect. 
These integrals may be exponentially expanded and evaluated 
as before and a^' and a^,' given as follows. 


a.. 


A'+B' + C' 


■ 2c/ Tj • • ? 

' C V 


In these expressions 


A'+B'+C' ^ V 1 

3 


0 = 4^[(cOi-CO2)(A'-B')+((W2-C03)(B'-C') 


+ (tU3-«>i)(C'-A')] .. (24) 




-a^' = 3©r) 


V 1 
C ' V 


and we get 



1 32 OPTICAL ANISOTROPY AND DIFFERENT TYPES OF BIREFRINGENCE 


The eifect of the compressions r) - along the X axis will result 
in an additional 


and the net change in a is 

a. 


= — 30rj - . - 
‘ c V 

aj = 607) - . - . 

» lev 


(25) 


Using the result contained in (25), we now get the following 
expression for by adopting the same procedure as has 

been adopted for deriving (6) of the section on Kerr effect. 

np—ris _ («o^— l)(«o^+2) V 1_ 

Ho * La' J ^ ' c' V 

Dashed letters have been used throughout for the optic moments 
as we are dealing with the liquid state. 

If we define the Maxwell constant V by the equation 

^ ^8 
V 

we have 

^ l)(no^+2) r^l i . 

«o La' J V ' 


A' Jg' _L Q' 

Substituting the value of 0 from (24) and 2 

have 

(no^— l)(?Zo^+ 2 ) 

^ ~ ISnJiTv 

(coi — co s)(A.' — B') + (a) 2 — <U 3 )(B' — C')-h ((03 — oji )(C A ) 

A' + B' + C' 

(o>i— cua) etc,, may be replaced by the geometrical dimensions 
from (23) and we obtain 

(f2o^—l)(/7o^ + 2) 

lOfZokTv 

(Q--b)(A'-B')+(6-c)(B'-C')+(^-a)(C'-A' ) (26) 

(a+6 + c)(A'+B'+C') 
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A number of important conclusions may be drawn from this 
result. The mechanical birefringence arises from the combined 
effect of a geometrical and optical anisotropy. If the molecule 
is either geometrically or optically spherically symmetrical or 
both, no mechanical birefringence should be expected. Higher 
viscosity helps the production of mechanical birefringence. 
The principal axes are mutually perpendicular to each other 
and are each inclined at 45° to the plane of sliding. The sign of 
birefringence may be either positive or negative according as if 
d>b>c, A'>B'>C' or A'<B'<C'. The former case is, 
however, to be expected more often than the latter. The bire- 
fringence does not explicitly depend on the wave-length but is 
not independent of it as it involves the refractive index which in 
its turn is a function of wave-length. Hence, a dispersion of 
birefringence should be expected. All these conclusions are 
supported by the experimental results obtained by Vorlander 
and Walter and by Sadron. An accurate quantitative com- 
parison of the conclusions of the theory with experiment is, 
however, not possible as some of the data are wanting but an 
attempt is made in Table XXI in the case of a few liquids by 
making certain assumptions^. If the molecule possesses an 
axis of symmetry {a=b and A'— B'), then (26) may be written as 


^ 2{c—d) /, 

— lOtto^Tr ld-\-c V 


.. (27) 


The plus or the minus sign in (27) should be adopted according 
as c is greater or less than d. The values assumed for the 
various quantities occurring in (27) are given in Table XXL 


Table XXI 

Maxwell Effect in Liquids 


Liquid 

8 

liq. 

T^C. 

«o 

density 

M 

a 

c 

V Xl0^2 

calc. 

V X 10^2 
obs. 

Heptyl alcohol 

2-2x10-3 

20 

1-425 

0*8170 

11613 

4*6 

11*24 

50*7 

64 

Octyl alcohol . . 


18 

1*430 

0*8276 

130-14 


12-60 

66*2 

73 

Heptylic acid . . 

16x’l0-3 

20 

1*423 

0*9223 

130-10 


11-24 

112 

527 

Nonylic acid . . 


20 

1*433 

0*9070 

158-14 


13*83 1 

176 

405 


1 See A. B. Rao, Proc. Ind. Acad. Sci., 5 , 124 (1937). 
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There is satisfactory agreement between the calculated and 
observed values in the two alcohols. The discrepancy in the 
case of acids suggests sdme further complication such as dipole 
association in these liquids. Recent work of Sadron^ on the 
Maxwell effect in more complex substances such as polystyrenes 
and nitro-celluloses may also be referred to in this connection. 

1 Jour. d. Phys., 8, 481 (1937). 



Chapter 


THE PRINCIPAL EXPERIMENTAL RESULTS IN 
RAMAN EFFECT 

Raman Effect as an Outcome of the Earlier Work on Light 
Scattering . — In the preceding chapters of this book, an account 
is given of the subject in so far as it relates to that branch of 
the scattering of light which may be called the Rayleigh scattering. 
No change of wave-length is contemplated in this process and 
accordingly wave-lengths which are not present in the incident 
light are not expected to manifest themselves in the scattered 
light. While the subject was developing in the hands of Rayleigh, 
Born, Cabannes, Raman and others along the Hnes already 
outhned, suggestions were forthcoming from others that under 
certain circumstances, scattering of a different type, namely one 
in which a change of wave-length is involved, may be possible. 
While dealing with the subject of dispersion, SmekaF envisaged 
such a possibihty. Kramers and Heisenberg ^ subsequently 
published a more detailed treatment of the quantum theory of 
dispersion and some aspects of this new type of scattered radia- 
tion were implicitly contained in their theory. The full signi- 
ficance of such implications was, however, realized only after 
the new radiations were experimentally discovered by Raman in 
1928. 

It seems proper to emphasize here that though the existence 
of the Raman effect may now be regarded as a vindication of the 
quantum theory of radiation and of the new mechanics, its 
discovery was quite independent of the latter and resulted as a 
natural sequel to the large amount of experimental work on the 
scattering of light carried on continuously at Calcutta by Raman 
and his co-workers since the year 1920. These investigations 
revealed at a very early stage the existence, in association with 
the Rayleigh type of scattering, of secondary radiations of 

1 Naturwiss, 11 , 873 (1923). 

2 Z. f. Phys., 31 , 681 (1925). 
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altered wave-length. Certain characteristic features of these 
radiations, such as their persistence even after the most careful 
and repeated purification of liquids, have been established prior 
to the discovery itself. The true nature of the rays and parti- 
cularly their spectral characters were, however, brought out only 
in the year 1928 by the use of spectrographs. The subject took 
an altogether new turn thereafter. Most of the main facts 
relating to the phenomenon, such as its presence in matter of all 
states of aggregation and its intimate relationship with the 
chemical nature of the scattering substance, were studied and 
described in the original paper by Raman which contained the 
announcement of the discovery itself^ About the same time, 
Landsberg and Mandelstam in Russia were also engaged in 
studying the scattering of light in crystals. They obtained 
similar results in quartz and these were published a few weeks 
later. The subject has since then been followed up in several 
laboratories with great vigour and the phenomenon has now 
come to be known as Raman effect. It is altogether distinct 
from Rayleigh scattering but is closely associated with it. 

The following are the main events which led to the discovery 
of the Raman effect. The first observation of this feeble type 
of secondary radiation was made by Ramanathan- in 1923. 
He was led to it in attempting to explain why in certain liquids, 
the depolarization of the scattered light varied with the wave- 
length of the incident radiation. Let us imagine an arrangement, 
in which a particular filter is placed in the path of the incident 
beam and another which is complementary to the first is placed 
in the path of the scattered beam. In case there are no radia- 
tions of altered wave-length in the scattered beam, it is obvious 
that nothing will emerge out of the second filter. With the 
help of such complementary filters, Ramanathan detected the 
presence of a weak trace of light emerging out of the second 
filter in a number of cases. Even after exhaustive chemical puri- 
fication and repeated slow distillation of the liquid in vacuum, 
the new radiations of altered wave-length persisted undiminished 

1 Ind. Jour. Phys., 2 , 387 (1928). 

2 Proc. Ind. Assoc. Cult. Sci., 8 , 181 (1923). 
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in intensity showing that they were a characteristic property 
of the substance studied and were not due to any impurity. 
Krishnan^ subsequently observed a similar elFect in many other 
liquids. A somewhat more conspicuous phenomenon was then 
observed by Raman ^ in ice and in optical glasses. Venkateswaran 
then came across the strange case of glycerine, which showed 
this phenomenon in a striking manner. These radiations were 
also found to be strongly polarized, suggesting that their origin 
was distinct from the well-known fluorescence. The existence of 
a new phenomenon of a fundamental and distinct type was thus 
very clear and Raman, under whose direction all the work cited 
above was done, was firmly convinced that here was a case of 
light scattering which was somewhat analogous to the Compton 
effect. In a search for more powerful methods for the purpose 
of studying this effect, Raman first employed sun-light, con- 
centrated by a powerful telescope, after passing it through 
filters having narrow regions of transmission. The results 
obtained clearly showed the urgent necessity for using a strictly 
monochromatic source for illuminating the substances and the 
mercury vapour lamp was soon hit upon. A spectrograph 
replaced the visual observation. The introduction of these two 
accessories, namely the mercury lamp and the spectrograph, 
may be regarded as a landmark in the history of the subject. 
He then made the startling observation that the spectrum of 
the scattered light from a variety of liquids and solids generally 
included a number of sharp lines or bands which were not 
present in the light of the mercury arc. The following are 
amongst the more important observations that were first made 
by Raman. 

All the liquids examined (about 80 in number) showed the 
phenomenon in an unmistakable manner. The new type of 
radiation was also observed with special arrangements in a 
number of organic vapours and in gases like CO 2 and N 2 O. 
Crystals like ice and certain amorphous bodies were examined 
and found to exhibit the effect. A spectrogram of the light 


1 Phil. Mag., 50 , 697 (1925). 

^ Jour. Opt. Soc. Amer., 15 , 185 (1927). 
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scattered by benzene was obtained with a small quartz spectro- 
graph and sharp lines which were not present in the incident 
light were recorded. Several other liquids were visually exa- 
mined and a similarity between the spectra exhibited by 
chemically similar liquids was noticed. The existence of a 
continuous spectrum in addition to the sharp hnes in certain 
cases, the marked polarization exhibited by these lines and the 
less marked polarization exhibited by the continuous spectrum 
were observed and recorded. 

These and other aspects of the subject were immediately 
followed up at Calcutta by a large number of workers. It has 
also found many adherents in other centres of research as the 
phenomenon proved to be of great theoretical interest. The 
discovery may be thus said to have opened up a new chapter in 
spectroscopy and furnished physicists and chemists with a very 
convenient and powerful tool of research into problems con- 
cerning the structure of matter. The main results obtained by 
these investigators will be outlined and discussed in the succeeding 
chapters of this book. 

Nature of the Effect . — Reference has already been made to 
the universality of the Raman effect. The fact that it may be 
observed in a great variety of substances and in diverse physical 
states or conditions, and that the results are different in each 
different case make the field of investigation very extensive 
and bring it into relationship with many other branches of 
physical and chemical research. As actually observed, the effect 
consists in the appearance of new lines or in some cases bands 
and generally also some unresolved continuous radiation in the 
spectrum of the scattered light, besides the lines originally present 
in the incident radiation. Each line in the incident spectrum, 
if of sufficient intensity, gives rise to its own set of lines or 
bands and associated continuous spectrum. The frequency 
shifts are independent of the incident radiation and are therefore 
characteristic of the particular material studied. 

It is noteworthy that the Raman lines generally show great 
differences in their intensity and in their width, some being 
sharp and others diffuse or even broad bands. It is an important 
property of the Raman radiations, observed in the transversely 
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scattered light, that they are often strongly polarized. The 
extent of such polarization, however, varies enormously for 
radiations of different frequency shifts and this is a very 
significant point to be considered in relation to their origin. 

The continuous spectrum also shows great variations in 
intensity with different materials. It generally appears as wings 
extending slightly unsymmetrically on either side of the Rayleigh 
lines and shows httle or no polarization. This is replaced by 
separate lines in gases in which it may be ascribed to the rota- 
tion of molecules. A continuous spectrum, having possibly a 
different origin, appears with very viscous liquids. It may 
sometimes be so strong as to overpower all the other hnes. 
Some impure liquids also exhibit a continuous spectrum in the 
scattered Hght and a similar effect develops progressively in 
liquids that undergo chemical change under the action of Ught. 
The exact nature and origin of the continuous spectrum in each 
case are however not clear and different and conflicting views 
have been expressed in the literature. 

Different Types of Raman Scattering . — When scattering of 
light with altered frequency occurs, we are evidently dealing with 
a case in which there is an exchange of energy between the 
quantum of radiation and the scattering particle according to 
the scheme 

Molecule ^ Molecule* -f-Av'. 

The star on the right hand side indicates an excited condition 
of the molecule, the energy content in this case being more than 
that in the normal state, v' is obviously less than v. In the 
case of free molecules scattering light, one can distinguish 
between three different kinds of Raman effect, namely, an 
electronic effect, a vibrational effect and a rotational effect. The 
name in each case indicates the particular type of energy in the 
molecule which is added to or given up. Under certain circum- 
stances, a mixed type, such as that obtained by superposing 
rotation on vibration, may also occur. The translational energy, 
in the case of free molecules, is, however, insignificant although it 
manifests itself, as we shall see later, in a conspicuous manner 
when it is present in the form of organized elastic waves, as in 
the case of a solid. Sohds exhibit yet another type of Raman 
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effect in which the crystal lattice as a whole takes the place of 
the molecule in the above scheme. Different portions of the 
lattice while oscillating against each other are able to add to or 
take up energy from the incident quantum. Raman lines of 
this type are characteristic of only the solid state and are not 
present in liquids or gases. The above equation implies that 
the exchange of energy between the molecule and the incident 
quantum may be in either direction indifferently. In other 
words, we may have, in each of the above types of Raman effect, 
also an increase of frequency in scattering and not merely a 
decrease of frequency as in the Compton effect. We accordingly 
get the anti-Stokes and Stokes Raman lines or bands. The 
essential characters of the various types of Raman scattering 
may now be briefly enumerated. 

Rasetti^ observed a Raman line, which can be reliably 
classed as having an electronic origin, in the case of NO. The 
ground state of this molecule is double with a frequency interval 
of about 121 wave numbers per cm.^ and a transition of the 
molecule from one sub-level to the other causes a Raman line 
as per the scheme, 

NO CPi)+/2v ^ NOCPj)+/w^' 
where v = v'-l-121 cm.~^ 

Most of the observed Raman lines with moderate or large 
frequency shifts have to be interpreted as due to a vibrational 
effect. A few typical Raman spectra obtained with benzene, 
carbon tetrachloride, acetylene, calcite and diamond are repro- 
duced in Plate I. Numerous new lines and bands, exhibiting a 
variety of characters, are recorded and these are all to be regarded 
as vibrational Raman lines. The anti-Stokes lines are recorded 
with great intensity in carbon tetrachloride and calcite. Each 
one of the lines, recorded on the Stokes side, represents the 
capacity of the system to take up a certain quantity of energy 
and thus pass over into a state of vibrational excitation. We 
shall see later that most of these lines correspond to the various 

1 Phys. Rev., 34 , 548 (1929). 

® Cm."^ will be used in future to indicate wave numbers per cm. Very 
often, this is also omitted for brevity and the numbers alone are given. 
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normal modes of oscillation of the molecule or the lattice as the 
case may be. Under certain favourable conditions, the possi- 
bility of the appearance of overtones and combination tones has 
also to be recognized and some of the fainter lines may have 
such an origin. There are also special cases where the overtones 
come out with considerable .intensity in Raman scattering. 
Such cases are, however, only exceptions and are met with, much 
less frequently in Raman effect than in infra-red absorption. 

The rotational Raman lines are obtained separately only in 
the case of molecules having a relatively small moment of 
inertia. Raman spectra of a few typical gases of this type, 
namely, D2, H2, O2 and N2 are reproduced in Plate 11 . In 
heavier gases, the lines are much closer and instruments of 
greater resolving power are needed to separate them. The 
general appearance of this type of Raman effect in such gases, 
when examined with a low dispersion instrument, is that of a 
continuous wing extending somewhat unsymmetrically on either 
side of the Rayleigh line. Using more powerful instruments, it 
has been found possible to resolve these patterns into separate 
lines in many cases. The alternation in the intensities of the 
individual lines, seen in H2, D2 and N2, is a very significant 
result. O2 is also of the same type but is to be regarded as an 
extreme case in which the alternate set of lines are of zero 
intensity. The pattern repeats itself in each case on the anti- 
Stokes side. In liquids ^ the situation appears to be somewhat 
different. In the close vicinity of the Rayleigh lines, a con- 
tinuous spectrum (see a of Plate I) appears in the form of wings 
extending unsymmetrically on either side. This is most probably 
an unresolved rotational effect, the characteristic features of 
which are considerably modified by the close packing that is 
present in a liquid. In fact, the density of the liquid is so large 
that there is no justification to assume that the rotation of 
molecules will continue to be as free as in a gas. Accordingly, 
the pattern undergoes very striking alterations. In the solid 
state, these unresolved wings are replaced by broad bands. The 

^ Liquid hydrogen has so -far been the only exception in that it gives 
separate rotational lines. 
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origin of these bands is not yet clear in all cases. They ha-ve 
in certain cases, been identified with the internal oscillations of 
the crystalline lattice. Solid benzene is a case in which the 
intense continuous spectrum obtained in the liquid is replaced 
by bands in the solid. In calcite (see d of Plate I), two lines 
which are nearest to the exciting line may definitely be identified 
with the oscillations of the lattice, whereas the others are the 
usual vibrational Raman lines arising from the CO3 groups. 
In this connection, the case of NaCl may be mentioned as it is 
of special interest. A Raman band, which is of very low 
intrinsic intensity, has been recorded and identified with an 
oscillation of the lattice. Diamond (see e of Plate I) is a 
remarkable case in that it exhibits a strong and sharp line 
possessing a comparatively large frequency shift which has to 
be ascribed to a lattice oscillation. 

Significance of Raman Lines . — Quite apart from its various 
useful applications in physics and chemistry, the Raman effect 
possesses a unique interest with reference to the problem of the 
nature of radiation, the interaction of matter with radiation, 
and optical theories generally. In the Compton effect, we have 
the case of an electron weakly bound to an atomic nucleus 
acquiring momentum and being freed from the atom as the 
result of its scattering a quantum of radiation ; the nucleus plays 
a minor part in the process. In the Raman effect, on the other 
hand, we are dealing with a very general case of interaction 
between the quantum of radiation and matter ; the latter may be 
the molecule of a gas or even a molecular aggregate such as a 
liquid or a crystal. The relationship between the two effects 
becomes clearer, if we limit ourselves to a case in which the 
scattering particle is a single molecule which undergoes only 
a change in its electronic energy. We then have an electronic 
Raman effect, which becomes identical with the Compton effect 
if the electron is actually dislodged and rendered free, but 
differs from it if the electron remains bound to the molecule in a 
higher level of energy. 

The complete analysis of the vibrational Raman spectrum 
of any molecule, when taken in conjunction with the infra-red 
data, throws considerable light on its structure. Numerous 
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cases of special significance have been studied in the recent 
years and the vast subject of molecular oscillations in relation to 
Raman spectra is dealt with in a later chapter. 

The rotational Raman lines of certain simple molecules like 
H2, D2, N2, O2, CO2 and N2O have brought to light the ultimate 
structure of these molecules in a remarkable manner. The early 
work of McLennan and McLeod^ on Hquid hydrogen may be 
specially mentioned in this connection. Their observation of 
the alternation in the intensities of the rotational lines furnished 
an experimental proof of the existence of two forms of hydrogen. 
As is well known, this result was previously anticipated by the 
theoretical investigations of Heisenberg and was supported by 
Dennison’s discussion of the data for the specific heat of 
hydrogen. Similar results were obtained by Rasetti^ and by 
Bhagavantam ® in the case of the hydrogen gas. The striking 
experiments of McLennan, Smith and Wilhelm^ have subse- 
quently shown that the slow transformation of one form of 
hydrogen to the other form, at hquid hydrogen temperatures, can 
be studied by following the changes in the intensity of the fines 
in the Raman spectra over a sufiiciently long period of time. 
The observed intensities ® and the fact that the system of Raman 
lines coming from molecules characterized by odd rotational 
quantum numbers is the stronger of the two sets have furnished 
the results that the hydrogen nucleus has a spin moment of half 
a unit, conforms to Fermi-Dirac statistics and that the statistical 
weight of the odd rotational levels is three times that of the 
even rotational levels. These results are in entire agreement 
with what we know of the hydrogen nucleus from other branches 
of physics. The next simple molecule studied is D2 and the 
preliminary work of Anderson and Yost ® followed by the work 
of Teal and MacWood ’’ and a quantitative study of the intensity 

1 Nature, 123, 160 (1929). ^ Phys. Rev., 34, 367 (1929). 

3 Ind. Jour. Phys., 7, 107 (1932). 

^ Trans. Roy. Soc. Canada, 23, 247 (1929). 

^ A detailed comparison of the observed intensities with the theory is 
made in a later chapter. 

® Jour. Chem. Phys., 3, 242 (1935). 

7 Ibid., 3, 160 (1935). 
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relationships amongst the various Raman lines by Bhagavantam’^ 
has led to several important results in this case also. Raman 
lines coming from transitions between even levels are stronger 
than those representing transitions between odd levels and this, 
coupled with the actual distribution of intensities, leads to the 
results that the deuterium nucleus has a spin moment of one 
unit, conforms to Bose-Einstein statistics and that the statistical 
weight of the even rotational levels is two times that of the 
odd rotational levels. In all these respects, the nucleus differs 
from the hydrogen nucleus and the results are in complete 
accordance with those derived from other branches of physics. 

Rasetti obtained the rotational elfect in oxygen and nitrogen. 
His pictures are reproduced in Plate II. In the case of the 
former gas, the entire rotational spectrum consists of only 
alternate (odd) levels and the results are in perfect agreement 
with band spectrum data and with what may be expected 
theoretically in the absence of a nuclear spin. In nitrogen, 
however, we have an alternation of intensities, the transitions 
between even rotational levels giving rise to lines of greater 
intensity. This is quite unlike the case of hydrogen but similar 
to that obtained in deuterium. We have therefore to conclude 
that the nitrogen nucleus conforms to Bose-Fiinstein statistics. 
The relative intensities of the two sets of lines may be accounted 
for satisfactorily, if we ascribe a spin moment of one unit to the 
nitrogen nucleus as is the case with deuterium. These results 
in respect of the nitrogen nucleus were first revealed from a 
study of the Raman spectra. 

Amongst the polyatomic molecules, the cases of CO2 and 
N2O are of interest. The rotational Raman spectrum of the 
former consists only of alternate (odd) levels like O2 and it 
therefore should be regarded as having a symmetrical structure. 
N2O has been shown to give both sets of rotational Raman lines 
without any alternation in intensities, a result which is of 
considerable importance as it leads to an unsymmetrical structure 
for N2O. Such an unsymmetrical structure is also confirmed 
from an analysis of the vibrational Raman spectrum in relation 


1 Proc. Ind. Acad. Sci., 2 , 303, 310 and 477 (1935). 
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to its infra-red absorption. Heteronuclear molecules like HCI, 
NO, CO and HD have been studied and found to give rotational 
Raman spectra in which the phenomenon of alternating inten- 
sities is absent. This is in accordance vdth what we should 
expect. It has already been remarked that in the place of 
separate rotational lines, we get unresolved wings in relatively 
complicated molecules. These wings are found to exhibit 
great variations in intensity from substance to substance. These 
variations can be correlated "with the variations of the optical 
anisotropy of the molecules; iholecules which are highly an- 
isotropic like benzene showing the effect strongly and those 
which are spherically symmetrical like CCh showing it to an 
extent hardly appreciable. In fact, in a later chapter we shall see 
that the intensity of the rotational Raman scattering primarily 
depends upon the optical anisotropy, of the molecule. 

The existence of anti-Stokes Raman lines is also of great 
significance. The ratio of the intensities of the radiations of 
diminished and increased frequencies should nearly be the same 
as the ratio of the populations of normal and thermally excited 
molecules. The latter ratio may be derived with the help of 
the Boltzmann theorem. This may justly be regarded as a proof 
of the real existence of discrete stationary states and of the 
perfect reversibility of the interaction between radiation and 
matter. The fact that the experimentally observed intensity 
ratios agree with those predicted on the basis of the Boltzmann 
formula may further be taken as a proof of the correctness of the 
Boltzmann theorem. 

Relationship to Infra-red Absorption . — From what has been 
said in the foregoing pages, it is clear that the rotational and 
vibrational Raman spectra will bear a close resemblance to the 
far infra-red and the near infra-red absorption spectra of 
molecules respectively. The latter arise from a direct absorption 
of energy which takes place only when the incident light is of the 
appropriate frequency whereas the former arise by a similar 
but distinctly different process in which the appropriate fraction 
of energy is absorbed from the incident light quantum, whatever 
the frequency of the latter may be. The ultimate result, as far 
as the molecule is concerned, is the same in both cases but the 
10 
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selection rules that govern the two phenomena are quite different. 
The selection rules that govern the appearance of Raman lines 
will be discussed in greater detail in a following chapter but 
they may be briefly stated here as follows. The selection rules 
in respect of infra-red absorption are also cited for comparison. 
A rotational Raman line, due to exchange of rotational energy 
between a molecule and an incident light quantum, occurs only 
when the molecule involved is optically anisotropic. The 
greater the optical anisotropy, the greater is the intensity of this 
type of scattering. The corresponding condition, necessary for 
the occurrence of pure rotational or far infra-red absorption, is 
the presence of a permanent dipole in the rotating molecule. 
A vibrational Raman line, due to exchange of vibrational energy 
between a molecule and an incident light quantum, occurs 
when the mode of oscillation involved causes either a change 
in the mean polarizability of the molecule or a change in the 
individual values of the principal components of the polarizability 
ellipsoid or both. The greater this change, the greater is the 
intensity of this type of scattering. The corresponding condition, 
necessary for the occurrence of vibrational or near infra-red 
absorption, is that the mean electric moment of the molecule 
should undergo a change when the molecule oscillates, for the 
particular oscillation in question. 

It is thus clear that all electrically non-polar but optically 
anisotropic molecules like Ha, O2, Na, etc., will give rise to pure 
rotational Raman spectra but will not give rise to any far infra- 
red absorption. On the other hand, symmetric oscillations’-, 
such as those that occur in COa, CSa, NO3, etc., cause no change 
in the electric moment and hence cause no infra-red absorption. 
They, however, cause a large variation in the mean refractivity 
and hence give rise to intense vibrational Raman lines. It is 
thus obvious that sometimes lines which do not appear in the 
infra-red absorption may appear strongly in the Raman effect and 

^ In CO 2 and CSg, this oscillation consists of a symmetrical movement 
of the two outer atoms along the valency bonds. In the nitrate ion, the 
symmetric oscillation is one in which all the oxygen atoms move radially, 
nitrogen remaining fixed at the centre. 
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\ice versa. In such cases, a study of the Raman effect provides 
a picture that is complementary to that provided by infra-red 
absorption. 

Correlation between the infra-red and the Raman spectra 
for two simple molecules, namely CO2 and CS2, is shown in 
Table XXII. The case of nitrate and carbonate ions is similarly 
dealt with in Table XXIII. 

Table XXII 


Normal Frequencies of CO^ and CSt 


Frequency 

Mode 

CO 2 

CS 2 

Active in ^ 

Aif (vi) 

©■^ 

• 


1388 

655 

Raman effect. 

Ei» (vz) 

! 

t 

0 

668 

397 

Infra-red. 

Am M 

^-e 



2363 

1523 

Infra-red. 


Table XXIII 

Normal Frequencies of NOl and COl 


Frequency 

Mode 

0 

0 

1 

NO3 

Active in ^ 

Ai' (vi) 

Total symmetric . . 

1088 

1050 

Raman effect. 

(>'2) 

El' Cs) 

Transverse to plane 

880 

830 

Infra-red. 

Degenerate, in the 
plane. 

1438 

1360 

Raman effect and 
Infra-red. 

El' (V4) 

Do. 

714 

720 

Do. 


vi of CO2 and CS2 appears only in Raman effect and is not 
present in infra-red absorption. Similar remarks hold good in 
respect of vx in CO3 and NO3. The reverse is the case for v-z 
and vz in CO2 and CS3 and vz in CO3 and NO3. It may be 
mentioned here that the Raman spectra of these substances 
contain more lines than are indicated in Tables XXII and XXIII 
but these have been satisfactorily explained as due to special 
causes. 


^ This relates to only the fundamentals. It does not imply that the 
overtones will be subject to the same selection rules. 
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A close examination of the infra-red absorption spectrum 
and the Raman spectrum of benzene shows that none of the 
Raman lines are represented in infra-red absorption and vice 
versa. In view of the great importance of this result, we shall 
deal with it here in some detail. Table XXIV contains a correla- 
tion of the two spectra for benzene.^ Raman frequencies given 
in bold type are either strong or medium intensity lines and 
have been recorded by almost all the investigators. Those given 
in ordinary type are weak lines but the existence of these has 
been established beyond any doubt. The frequencies given in 
italics are very weak and have mostly been recorded by one or 
two observers only. Similar remarks apply to the infra-red 
frequencies also'. A few more components have been recorded 
on either side of the principal Raman line 992 but these are not 
included in the Table. Frequencies in respect of which there 
is a possibility of coincidence between the Raman values and 
the infra-red values, either in the vapour or the liquid state 
or both, are entered one below the other. These coincidences 
are most probably only accidental and have no real significance. 
Owing to deformation arising from close packing in the liquid 
state, certain apparent coincidences may arise and these may be 
classified as (a) strong Raman frequencies appearing either 
weakly or strongly in the liquid absorption but not at all in the 
absorption by vapour, (b) strong infra-red frequencies appearing 
only weakly in the Raman spectrum, (c) frequencies which 
should not occur in either the Raman or the infra-red spectra 
but occur only weakly in Raman spectra and perhaps strongly 
in the liquid absorption and not at all in the vapour absorption. 
With this classification in view, wc may easily sec that coin- 
cidences 1, 5, 7, 9, 13 and 14 belong to class (a). The absorption 
at 1617 in the vapour is distinct and is not to be regarded as a 
coincidence with either component of the typical doublet 13 and 
14. Coincidences 8 and 12 are of the class (h) and 3, 10 and 16 
belong to class (c). Coincidences 2, 6 and 1 1 arc rejected as 
the differences are well beyond experimental errors. 17 is also 


^ The values quoted here are taken from a series of papers published by 
Angus and others in the Journal of the Chemical Society (1936). 
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not a real coincidence and it is suggested that 18 is most probably 
a coincidence of type {a) in which case 3080 in the vapour 

Table XXIV 


Infra-red and Raman Spectra of Benzene 


Raman lines 

404 

(1) 

605-6 

(2) 

685 

(3) (4) 

781 802 

824 

(5) 

848-9 

(6) 

992 

satellite 

0) 

991-6 

(8) 

1030 

Infra-red maxima in 
vapour 


. . 

671 

793 



962 


1037 

Infra-red maxima in 
liquid 

. . 

610 

671 

773 


849 


985 

1033 

Raman lines 


(9) ‘ 

1178 


(10) . 
1285 

1326 

(11) 

1404 

1449 

(12) 

1478 


Infra-red maxima in 
vapour 

1143 


1240 



1377 

. . 

1485 


Infra-red maxima ' in 
liquid 


1170 


1298 


1381 


1480 

1529 

Raman lines 

(13) 

1584-8 


(14) 

1606-4 


1693 


1827 


1936 

Infra-red maxima in 
vapour 


1617 




1808 


1906 


Infra-red maxima in 
liquid 

1584 


1604 

1669 


1810 




Raman lines 


1988 

2030 

2128 


(15) 

2293 

(16) 

2358 

2454 

2543 

Infra-red maxima in 
vapour 

1965 





2288 

, . 



Infra-red maxima in 
liquid 

1963 




2223 


2356 



Raman lines 

2618 


2688 


2925 

2948 

(17) 

3046-8 

(18) 

3061-9 

3164 

Infra-red maxima in 
vapour 




2857 




3080 


Infra-red maxima in 
liquid 


2629 





exten- 
sion of 
3070 

3070 


Raman lines 

3187 

3467 


3680 


3916 




Infra-red maxima in 
vapour 










Infra-red maxima in 
liquid 



3655 


3700 


4060 

4604 

5984 
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absorption has to be regarded as distinct from 3062 of the 
Raman spectrum. We are now left with 4 and 15 which have 
little importance, as the frequencies in both cases are weak. 
The agreement, particularly in 4, is not very good. Thus 
we arrive at the conclusion that there is no case of a genuine 
coincidence between the infra-red and Raman frequencies. 
Further support to this contention has been made available by 
Angus and others who have extended the investigations to hexa- 
deuterobenzene as well. This result is of great significance in 
relation to the structure of the benzene molecule and we shall 
have occasion to refer to it again. 

For an unsymmetrical molecule like acetic acid, there are 
a large number of coincidences as may be seen from the data 
given in Table XXV. 


Table XXV 


Infra-red and Raman Spectra of Acetic acid 


Raman lines 

443 

603 

621 

869 

893 

942 

1014 

1221 

1276 

Infra-red maxima . . 




870 

893 

935 

1010 

1227 


Raman lines 

1370 i 

1431 

1667 

1726 1 

1771 

2943 

2996 

3033 


Infra-red maxima . . 

1389 



1706 







Intensity and Polarization Characters of Raman Lines. — In 
spite of the numerous experimental difficulties in the way 
of an accurate study of these features, results of fundamental 
and far-reaching importance have been obtained. Very faint 
Raman lines and bands as well as very intense ones are met 
with. Some illustrations of the former are the band in NaCl 
recorded by Rasetti ^ and the anti-Stokes Raman line in diamond 
recorded by Bhagavantam.^ The principal Raman line of 
diamond at 1332 and the one having a frequency shift of 992 

^ The Structure of Molecules, Leipziger Vortrage (Eng. Trans.), 55 (1932). 

2 Ind. Jour. Phys., 5, 573 (1930). 
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in benzene may be cited as examples of very intense Raman lines. 
These may be recorded in a very short time with reasonably 
powerful instruments. The intensity of a Raman line, when 
expressed as a fraction of the parent Rayleigh line, is usually a 
few hundredths in liquids and a few thousandths in gases.^ 
Reliable data in this direction are, however, available only in a 
few cases. These extra ordinary variations in intensity as we 
pass from substance to substance and from line to line are of 
great significance and have provided the clue to the unravelling 
of many minor problems relating to molecular structure. For 
instance, we get the vibrational Raman line in HCl gas and 
liquid but not in an aqueous solution of HCl which presumably 
consists of hydrogen and chlorine ions. In aqueous solutions of 
salts, where ionization is complete, we find no Raman lines 
characteristic of the salt as a whole but only those corresponding 
to the molecules of water and the separated ions. Most 
of the organic substances and certain metallic halides such 
as the mercurous and mercuric chlorides which are known to 

Table XXVI 


Intensity and Polarization of Raman lines in CCh 


Frequency 


^ Raman 
^ Rayleigh 

Xl03 


Depolari- 






zation 

Daure ^ 

Carrelli and 
Went 3 

Dhar ^ 

Veerabhadra 

1 Rao ^ 



217 

10 

18 


1-9 

3-0 

0-86 

315 

13 

22 


3-4 

3-6 

0-86 

459 

6 

16 


3-0 

2-5 

<0-05 

162\ 

192 S 

7-5 

6 1 

i 


1-2 

fO-8 

10-8 

0-86 


^ Hydrogen and deuterium are exceptions to this statement. In these 
cases, the Raman line is only a few hundredths of the Rayleigh line. 

Ann. d. Phys., 12, 375 (1929). 

3 Z. f. Phys., 76, 236 (1932). 

^ Ind. Jour. Phys., 9, 189 (1934). 

6 Z. f. Phys., P7, 154 (1935). 
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be covalent compounds, exhibit strong Raman lines. From 
these and other results, Krishnamurti concluded that the intensity 
of a Raman line depends very much on the chemical nature of 
the linkages in the molecule, being very low in electrovalent 
compounds and very high in covalent compounds. Results 
regarding the intensities of Raman lines in a few typical liquids 
are given below. 

Table XXVII 


Intensity and Polarization of Raman lines in Benzene 




I Raman 



Frequency 


Y A lU 

Bayleigh 


Depolari- 

zation 


Daure 

Carrel li and 
Went 

Dhar 

Veerabhadra 

Rao 

605 

851 

992 

1181 

1586\ 
1608 1 
30465 

3063 J 

s-o 

1- 5 

2- 5 

7-0 

1-28 

0- 93 

10-9 

2-4 

1- 8 

6-6 

3- 5 

1-9 

9-5 

4- 5 

3-8 

0-44 

0-21 

4-20 

0-50 
ro-25 
l0-14 
r 1-23 

1 1 -57 

0-86 

< o’-os 
0-86 
0-86 
0-86 
0-86 
0-30 


Table XXVIII 

Intensity and Polarization of Raman lines in Chloroform 
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Figures, given by various authors for the intensities, differ 
very widely and hence no attempt is made to strike a mean. In 
this connection, a recent paper by Veerabhadra Rao ^ in which 
attention is drawn to the various errors that are involved in such 
determinations, is of considerable interest. The figures may be 
regarded as giving only the order of magnitude. The dis- 
crepancies in respect of the depolarization values are not so 
prominent and hence either a mean of the values obtained by 
various investigators or the most probable value is given in the 
Tables. 

Closely connected with this issue is the question of the state 
of polarization of the Raman lines. Just as we meet with Raman 
lines having a great variety of intensities, we also meet with 
lines having a wide range of polarization characters. The 
study of/-polarization has taken two different courses, namely 
the use of incident unpolarized light and the use of incident 
circularly polarized light. In the former case, the depolarization 
factor or the ratio of the horizontal to the vertical component 
is expressed for each Raman line and is found to vary between 
0 and 0-86 for the vibrational lines. The rotational Raman 
lines have always a depolarization factor of 0-86. A few 
typical results in respect of the vibrational lines in liquids are 
given in Tables XXVI to XXVIII. Table XXIX contains the 
few results that are available in respect of the vibrational lines in 
gases. 

Table XXIX 

Depolarization of the Vibrational Lines in Gases 


Gas 

H2 

Do 

No 

Oo 

CO 2 

C2H2 

CO 

NO 

NO. 

■ NH, 

Frequency 

1 4156 

2993 

2331 

1557 

1389 

1974 

2143 

1876 

1285 

2223 

3335 

Depolarization . . 

0-13^ 

0182 



0-202 

< 0-2-^ 






0 045’^ 


0-i9» 

0-263 

0-213 


0-293 

0'-h3 

0-223 

0-383 

0*1*2 3 


Experiments with incident circularly polarized light have 
first been initiated by Bar ^ and by Hanle and these have 


1 Proc. Ind. Acad. Sci., 7, 208 (1938). 

- Bhagavantam, Jnd. Jour. Phys., 6 , 319 (1931). 

® Cabannes and Rousset, Comptes Rendus, 202 , 1825 (1936). 

“* Helv. Phys. Act., 4 , 130 (1931). “ Naturwiss., 19 , 375 (1931). 
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yielded very interesting results. Observations are made either 
in the forward or backward direction and part of the line is 
found to be reversely circularly polarized and the other part 
circularly polarized in a sense similar to that of the incident light. 
The ratio of the former to the latter, which may be denoted by P, 
is called the reversal factor and is determined for each line. 
This is found to vary between 0 and 6. In fact, it will be shown 
later that the reversal factor is given by q/I—q for any Raman 
line having a depolarization factor of q . This relationship 
has been verified by Hanle in a number of cases. It is easily 
seen that for g < i , the reversal factor is less than unity and 
such a Raman line will therefore exhibit normal circular polariza- 
tion. Lines having g = i will have P = 1 and will therefore be 
unpolarized. Lines having g > I- will have their reversal factors 
greater than one and will therefore be reversly circularly polar- 
ized. Highly depolarized lines such as the rotational Raman 
lines should thus exhibit reverse circular polarization. These 
conclusions have been verified in a large number of cases. 
Results obtained by Bar ^ in a typical case are given in Table XXX. 
Subsequently, Heidenreich^ quantitatively connected the reversal 
factors with the depolarization factors in a number of cases. 


Table XXX 

Relation Between Depolarization and Reversal Factors in 
Benzaldehyde 


Frequency 

I 

px 100 

139 

2 


239 

\b 

87 

439 

4 

33 

615 

3 

89 

648 

i 

0 

827 

3 

7 

1001 

8 

7 

1164 

5 

63 

1203 

6 

35 

1597 

10 

88 

1700 

7 

42 

3063 

5b 

35 


Z. f. Phys., 79, 455 (1932). 


Circular Polarization 


Strongly reversed. 

I') » j 

,, positive. 

„ reversed. 

Positive. 

Strongly positive. 

Weakly positive. 
Positive. 

Weakly reversed. 
„ positive. 


2 Ibid., 97, 211 (1935). 
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Amongst the other significant results, mention may be 
made of the fact that a high intensity and sharpness of a Raman 
line are usually accompanied by a low depolarization factor, 
while a low intensity and diffuseness are usually accompanied 
by a high depolarization factor. Corresponding lines in mole- 
cules having like structures have nearly the same depolariza- 
tion factors. This is well illustrated by the cases of chloroform 
arid bromoform. The results are given below. Figures in the 
brackets represent the depolarization factors. 

CHCI 3 : 261(0-86) 366(0-18) 667(0-06) 759(0-86) 1213(0-86) 3020(0-25) 
CHBrs : 154(0-86) 222(0-20) 538(0-05) 654(0-86) 1146(0-86) 3023(0-22) 

This is what we should expect, as the polarization of a Raman 
line is mainly decided by the symmetry of the oscillation. 

Breadth and Fine Structure of Raman Lines . — Numerous 
attempts have been made, since the discovery of the Raman 
effect, to study the characters of both Rayleigh and Raman 
lines under high dispersion and a considerable amount of work 
yet remains to be done. The subject may be divided into two 
parts, namely the fine structure and breadth of the Rayleigh 
lines including the accompanying rotational effect or the wings 
and the fine structure and breadth of vibrational Raman lines. 
A great deal of work has been done by Gross ^ and others and 
more recently by Raman and his co-workers ^ on the fine 
structure of the Rayleigh line in liquids. Besides the undis- 
placed line, two components which are very close to the centre 
(about 0-3 cm.”^ on either side) have been detected. The pre- 
sence of these two components may be explained by considering 
the existence of sound waves in the liquid which scatter the 
incident light in accordance with the Einstein-Brillouin theory. 
Their positions and the effect on the same of changing the 
frequency of the incident radiation or the angle of observation 
are in agreement with what may be expected on the basis of the 
above theory. The appearance of the central component is, 
however, not contemplated in this theory and should not be 

1 Z. f. Phys., 63, 685 (1930) and Nature, 126, 201, 400 and 603 (1930). 

^ See numerous papers in the Proceedings of the Indian Academy of 
Sciences. 
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expected in a solid. Its presence in the liquid only indicates 
that not all of the thermal energy of the molecules is organized 
in the form of sound waves but that some of it is akin to the 
random type that occurs in gases. Amongst other interesting 
results that have been obtained in this direction, the following 
may be mentioned. All the three components are found to 
exhibit a very high degree of polarization. Their relative 
intensities differ from liquid to liquid, the central component 
being particularly bright in certain liquids such as CCh. Varia- 
tions in their relative intensities and other characters occur with 
changing temperature. 

Closely associated with these results are the facts regarding 
the distribution of intensity in the wings accompanying the 
Rayleigh line. Studies under high dispersion have shown that 
the continuous wing cannot be separated from the centre and 
that it starts with a maximum intensity at or very near the 
centre. 

In the case of vibrational Raman lines, the results relating 
to breadth and fine structure are more numerous and varied. 
In the case of gases, broad lines or bands are somewhat unusual 
whereas they are met with quite frequently in liquids. The 
reason for the breadth or the fine structure of a vibrational 
Raman line may be any one of the following, namely, (i) an 
unresolved rotational Raman spectrum accompanying the 
vibrational line, (ii) closely spaced components arising from the 
fact that molecules having different rotational energies have 
slightly different vibrational frequencies, (iii) closely spaced 
components arising from the fact that molecules in different 
states of vibrational excitation may give rise to slightly different 
vibrational frequencies, (iv) components arising from isotopic 
molecules, (v) a broadening due to the existence of polarity and 
close packing as in liquids composed of polar molecules, etc. 
Any one of these causes or some of them operating together 
may result in a broad line. The two bands aft 650 and 687 in 
acetylene gas, the fine structure of the vibrational line in hydro- 
gen, the principal Raman line at 650 in carbon disulphide and 
its satellite, the principal Raman line at 992 in benzene and 
its satellite or 450 in CCh and its satellites and the bands of 
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water may be cited as examples in which causes i, ii, iii, iv and v 
are respectively operative. This variety of causes and a fascinat- 
ing series of results obtained in each case have to be dealt with 
in greater detail in order to bring out their full significance. 
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THEORY OF RAMAN SCATTERING 

Preliminary Considerations . — It has already been mentioned 
that a Raman liiie may, in a general manner, be regarded as the 
result of an impinging light quantum of frequency v exchanging 
energy with a molecule in accordance with the following scheme. 

Molecule ^ Molecule* 

The incident light quantum is re-emitted as one of altered 
frequency v'. Prima facie, the exchange of energy may be either 
way. The molecule may gain in energy, the emitted hght then 
having a lower frequency than the incident light (Stokes Raman 
lines). The molecule which is intially in an excited state may 
lose energy, the emitted light then having a higher frequency 
than the incident light (anti-Stokes Raman lines). It is clear 
that in either case, only certain discrete values of energy will be 
exchanged, these quantities being characteristic of the molecule. 
Any theory of the Raman effect should therefore concern itself 
with investigating the mechanism of such an exchange and the 
conditions under which and the probability with which such an 
exchange takes place. We shall, in the first instance, give an 
elementary treatment of the subject. 

The general principles, on which the theory of molecular 
scattering is based, are that an incident electric field Eo sin Inv^^t 
induces an oscillating electric moment aEo sin 2nvot in the 
molecule. The molecule then behaves as a Hertzian oscillator 
and radiates energy in the form of electromagnetic waves of 
frequency vo- The laws of intensity and polarization are the 
same as those of a Hertzian oscillator and have been derived in 
an earlier chapter. If we now imagine some kind of a mechanism 
intrinsic in the molecule itself by which the amplitude of the 
emitted wave is altered periodically with a frequency v, it is 
obvious that the electric moment of the oscillator at any given 
instant is represented by the expression 

a Eo sin 2nvot cos {27tvt + s). 
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which may be written as 

JaEo [sin {27i{vo+v)t-\-s}-]rSm {27i{vii~v)t—s}]. 

This expression shows that the emitted light will consist of two 
frequencies vo+v and vq—v. If any part of the induced moment 
is not subject to this periodicity, we then obtain the incident 
frequency vo also in the emitted light. Thus in a general case 
the emitted light will consist of frequencies vu and vo±v when 
the incident light is of frequency vq. 

Periodicity Introduced by an Oscillating Molecule . — Let us 
take a diatomic molecule whose vibration frequency is v. If the 
mean polarizability a of the molecule is a function of the nuclear 
distance, it is easily seen that a will undergo periodic variations 
when the molecule is oscillating. At any instant, the mean 

( j \ 

a cos (27rvt+e), 

where o is the amphtude or the maximum value of Ar. e 
represents the phase of the molecular oscillation whose value is 
arbitrary, ao is the polarizability of the molecule in the equi- 
librium position. The induced moment may be written as 

Eo sin 27ivot 0 - (cos 2m>t+s) . 

The above expression may be split up into three terms and 
written as 

aoEn sinlTTTot-l-^^^^cr^ j^sin {27T:(vo-hv)t+e} 

-|-sin {2n(vn—v)t—s]~^ . 

The first term gives rise to Rayleigh scattering, the frequency 
being v^. The intensity of scattering per molecule is propor- 
tional to in case the incident electric vector is one unit. 
The second and third terms give rise to Raman lines of 
frequencies ve-y-v (anti-Stokes) and vu — v (Stokes) respectively, 
their intensities per molecule per unit incident electric vector 
being proportional to 


a^/da.\ ^ 
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Owing to the presence of a phase factor e, which varies arbi- 
trarily from molecule to molecule, different molecules will act 
as independent sources of radiation. The total intensity from n 
molecules will be simply n times that obtained from a single 
molecule.^ 

When we are interested in the inter-comparison of the 
Stokes and anti-Stokes Raman lines, besides the factor noted 
above, we also have to take into account the fact that the 
intensity of the light emitted by an oscillating dipole is inversely 
proportional to the fourth power of the emitted wave-length. 
This gets absorbed into the constant of proportionality, if we are 
comparing beams of the same wave-length but in a case like 
that of Stokes versus anti-Stokes, it has to be explicitly taken 
account of, as their wave-lengths are different. For instance, 
the intensity of the Raman line of frequency vo+v will be 


proportional to 



whereas that of the line 


of frequency vo—v will be proportional to 



This 


fourth power factor will, however, be omitted in the following 
paragraphs for brevity but the necessity for taking it into 
account should be clearly borne in mind. The above expression 
may be put in a slightly different form, if we assume that the 
energy of the oscillator, which is given by is equal to 

hv thus giving 


IjcSfji ’ 


yM is the reduced mass and after introducing the letter B for 
hl^Ti^jiiro^, we can easily see that the intensity is proportional to ® 


^ Unlike the case of Rayleigh scattering, increased density of the medium 
does not affect this result. In the case of Rayleigh scattering, the lack of 
correlation between the individual phases depends on the lack of correlation 
between the positions of the molecules. The result is accordingly considerably 
affected by the nature of aggregation. On the other hand, Raman scatter- 
ing is incoherent under all circumstances as this property is obtained quite 
independently of the nature of aggregation. 

® a' and y' here have a significance different from that already ascribed 
to them in the earlier chapters. 

11 
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B 

or -a' 2 , where a' = Tq 

V 



In the case of an anisotropic molecule, we have already 
seen that the parallel component of Rayleigh scattering is 
proportional to yo® and ao^+^V yo^ according as we use 

plane polarized or unpolarized incident light. A slight extension 
of the above reasoning will easily show that the corresponding 

g 

expressions for the Raman lines will be and 

B 

— The perpendicular components in the two 

cases will respectively be ® and ® . 5 % y'^. 

Periodicity Introduced by a Rotating Molecule . — ^The periodic 
variation of the induced moment may also be effected by the 
rotation of an anisotropic molecule with reference to the incident 
Hght vector. We shall take the very simple case of a diatomic 
molecule rotating about an axis OX' ( 0 , (p) lying in the symmetry 
plane X' Y' (A=B), the incident light vector being parallel to the 
Z axis (Fig. 19). 



Fig. 19. 
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OZ' is the direction in which the axis of the molecule is situated 
initially. The rotation axis may be chosen to be in the plane 
containing OZ and OZ' axes to start with, without any loss of 
generality. In the initial position, the direction cosines may be 
written as 



X 

Y 

Z 

X' 1 

sin6 C0S9? 

sin6 sin^s 

cos6 

Y' 

— sin95 

COS(p 

0 

Z' 

—COSd COS(p 

—COSd sin9p 

sine 


Assuming that the incident light vector is one unit, and Py, 
the components of the moments induced in the molecule may be 
written as 


Py = (A— C) sin6 COS0 sin9?. 

After a small interval of time t, if the molecule has a frequency 
of rotation v, the direction cosines and the moments may be 
written as 



X 

Y 

z 

X' 

sin^ cos^ 

sin^ sin^ 

cos^ 

Y" 

sin iTTvt cos<^ cosB 
—cos iTTvt sin^ 

sin Irrvt sin^ cos^ 

+ COS iTTPt cos<l> 

—sin iTTvt sin^ 

Z" 

— cos iTTvt cos<j> cosd 
— sin 2'JTPt sin<^ 

—cos Irrvt Sin<l> COsO 
+sin Invt cos^ 

cos 2'iTvt sin^ 


Pz — C cos^ 2jcvt sin^6+A cos®0+A sin^ Invi 

Py= (A— C) [cos^ sin^? sin0 cos0 — sin 27r:vt cos 2:n:vi sin0 COS 99 ] . 

Each one of these components may be split up into two parts, 
one being independent of time and the other varying with time. 
Denoting these by suffixes 1 and 2 respectively, we have 
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_C+2A .p ^,(1 cos^d) C-A( . , 

Pzi — 3 |-(C— A)|g Y-\l Pzz = — ^|sin^6cos47rvl| 

(2 A . C Af 

Pyi = 2 = —Y~ { cose cos ^7tvt 


—sine C 0 S 9 ? sin 47ivt ^ . 

If each of these expressions is multiplied by the periodicity 
sin Invot in the incident light wave, it is easily seen that the 
oscillating moments p^i and Pyi will give rise to Rayleigh scatter- 
ing, the intensities in each case being proportional to and 

Pyi^. If the averaging is effected, as has been done in chapter III, 
for all values of 6 and <p, we have 


Pzx" 


oc^H- 


45 


Pyi 60 ' 


Pz 2 and Py 2 may be written, after absorbing the periodicity of the 
incident light, as 

Pz 2 = — — - - |sin 2n (vo+ 2 v)r-f sin 2n {v(,—2v)t\^ , 

Py 2 . 4 |sin 271 (n + 2 v)t+sm 27t (vo—2v)t> + 

(C— A) sin 0 cosfflf ^ - X ^ ) 

^ ^<cos 27t (vo+2v)t—cos 271 {vo—2v)t \ . 

These expressions give rise to Raman scattering of frequency 
vq-\-2v and vo—2v in both the Z and Y components and their 
intensities will be proportional to and py^^ in each com- 
ponent respectively. On performing the averages, as before, 
we obtain 


Pzi—^ioTvo-\-2v and for vo— 2 i^; 


30 


y2 2 

~ ^ »'o+ 2 j' and ^ for vo—2v. 

These are the results that are to be expected if plane polarized 
incident hght is used. In all these cases the fourth power factor 
is omitted as has already been mentioned. If unpolarized hght 
is used, it is easily seen that all the Y components are to be 
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doubled and the Z components enhanced by an amount equal 
to the Y component. In the following, the results for unpolarized 
incident light are given in brackets. Some important remarks 
may now be made. The intensities given above represent the 
average expectation per molecule and the total intensity from 
n molecules is, as before, n times that obtained for a single mole- 
cule. As in the case of the vibrational lines, the intensities 
of the Stokes and anti-Stokes rotational Raman lines are also 
apparently equal. The observed results are not, however, in 
agreement with this conclusion and the discrepancy is obviously 
due to the fact that there are not as many molecules which are 
in a position to part with their rotational energy as there are 
which are in a position to receive the energy. The intensities 
will therefore be in the ratio of the relative populations of these 
two sets of molecules. The aggregate value of the parallel 

component is y^(<x.^+-£z'y^) of which a^+^(a^+TV 3 y®) 

appears as Rayleigh scattering and -is (-rio y^) appears as 
Raman scattering. The aggregate agrees with what has been 
obtained for non-rotating molecules in chapter III (see 24a 
and 25a). The aggregate value of the perpendicular compo- 
nent is y^ (jV y^) of which appears as Rayleigh 

scattering and ^ j appears as Raman scattering. The 

aggregate again agrees with that obtained for a non-rotating 
molecule. The shift in frequency of the rotational Raman line 
is twice the frequency of rotation. The depolarization factor 
of that part of the scattering which is strictly of the Rayleigh 
type is only 

yV60 / yV30 \ 
a^ + //45Va® + TloyV 

These expressions replace 24a and 25a of chapter III. The 
depolarization factor of the rotational Raman scattering is | (f). 
The intensity of the rotational Raman scattering is determined 
solely by the optical anisotropy of the molecule. 

Defects in the Simple Picture.— Ths considerations set forth 
in the foregoing sections furnish an elementary description of the 
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mechanism of Raman scattering but the treatment is defective 
and incomplete in several respects. It looks as if only such of 
those molecules which are already oscillating or rotating can 
give rise to Raman lines, since it has been assumed that the 
oscillation or the rotation of the molecule furnishes the requisite 
periodicity. With the help of the Boltzmann law, it may, however, 
be shown that molecules which are intrinsically in a state of 
oscillation are quite small in number at ordinary temperatures. 
This number decreases very rapidly with increasing vibration 
frequency and assumes negligible proportions at high frequencies. 
The majority of the molecules in a medium do not therefore 
apparently contribute to the production of Raman lines. Such a 
conclusion is not consistent with the appreciable intensity with 
which we are able to record vibrational Raman lines characterized 
by quite large shifts. Another consequence of the theory, which 
is obviously incorrect, is in respect of the relative intensities of 
the Stokes and anti-Stokes Raman lines, both of which apparently 
arise from the same molecule and therefore possess the same 
intensity. As a matter of fact, the Stokes lines are much 
sponger than the anti-Stokes lines and this difficulty could be 
got over only by introducing ad hoc considerations with regard 
to the relative populations. The theory is also defective since a 
quantization of the rotational energy is not contemplated at all 
and accordingly there is no means of calculating separately the 
intensities of the individual rotational Raman lines. A fuller 
and more rigorous treatment based on quantum theory removes 
all these difficulties and will be given in the following sections. 

Kramers-Heisenberg Dispersion Formula } — The induced 
moment p will now be regarded as a matrix. All the diagonal 
elements of this matrix will be responsible for Rayleigh scattering 
in the various stationary states of the molecule and the non- 
diagonal elements will give rise to Raman scattering. If a mole- 


^ A very complete treatment has been given by Placzek in Handbuch 
Der Radiologie, 6, part 2, 205 (1934). The treatment given here closely follows 
this but has been simplified in several respects and deals with only the more 
essential aspects. 
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cule finds itself in the field of a light wave ^ 

the matrix elements of its electric moment M undergo 
as per the scheme 


M,. = M: +M 


where 




2 

alterations 




2h ^ i Vrh — Vq Vrk-\-Vo } ^ 

The unstarred letters are generally complex quantities. In 
such a case, the starred letters are also complex and are conjugate 
to the original ones. In case we are dealing with real quantities, 
the distinction disappears. The double suffix kk implies that 
the matrix element is associated with the stationary state k. 

Mjfe* and M^j, are respectively the values of this element in the 

presence and absence of the external field. Since is an 
oscillating moment, the molecule will emit light according to the 
usual laws of radiation. The frequency of the emitted radiation 
will be va and its intensity (see 4 of chapter III) will be given 
by (2). 


3c* ■ 


( 2 ) 


Similarly, which refers to the two stationary states k 

and n, may be written as 


where 

2h^\ Vric~Vo Vrn + Vo J 

and p'i-n is obtained from pun by replacing vo in it by —Vq. 
is again an oscillating moment and the molecule will 

^ In the special case where U^— Ug = 0 and J7a=Eo, the incident light 
vector reduces to Eo cos l^TVQt and represents a linearly polarized beam. 
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emit radiation. The frequency of the emitted radiation will no 
longer be vo but will be either + vo or — vo- Thus we get a 
general explanation of the appearance of altered frequencies in 
the spectrum of the scattered light. The dashed terms are 
called the negative dispersion terms and the condition that 
scattered light relating to these terms may appear is that 
n-n—vo > 0 or Ej[, > hvo+E,,. If the inducing agency is visible 
light of frequency vo, the molecule will be obliged to find itself 
in an electronically excited state in order that these transitions 
may occur. Such transitions have not yet been detected and 
these terms will not be considered hereafter. The undashed 
terms are the usual dispersion terms and the condition, that 
scattered light relating to these terms may appear, is that 
> 0 or E,,< hvo + E;;,- Both kinds of transitions, namely those 
in which E„> E/, and those in which E„ < E/„ satisfy this condi- 
tion and we accordingly get two types of Raman lines. If k 
is taken as the initial state, the former are called the Stokes 
Raman lines and the latter are called the anti-Stokes Raman lines. 
The frequency of the emitted radiation will be and its 

intensity per molecule is given by (4). 


3c® 



2 


( 4 ) 


In order that a line of altered frequency v„+v/,,, may be emitted 
as a result of the system undergoing a transition from state k 
to state n,pkn should not vanish. The summation in (3) extends 
over all the intermediate states r. Only such of these which are 
capable of combining in ordinary absorption with both the 
initial and final states k and n will contribute to the value of 
as it is only then that the terms M/-,. and M„, do not vanish. The 
existence of a Raman line due to a transition k-^n may therefore 
be said to depend upon the existence of some intermediate levels 
r such that the transitions k-^r and r-^n are allowed in ordinary 
absorption.^ 

Stokes and Anti-Stokes Raman Lines . — As has already been 
said, the radiations of a ltered frequencies emitted by different 

The derivation of (1) and (3) was first given by Kramers and Heisenberg 
in connection with the dispersion theory. See Z. f. Phys., J/, 681 (1925). 
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molecules are incoherent, owing to the presence of arbitrarily 
varying phase factors. If there are Njfc molecules in the feth 
state which is of a lower energy and N„ in the rath state which 
is of a higher energy, we can easily see from (4) that the average 
intensity of the line arising from a transition k-^nis proportional 
to Ni;(ro— while that arising from the reverse transition 
n-^ ids proportional to N„ {vo+Vn^‘^. The former is the Stokes 
line and the latter is the anti-Stokes line. Denoting their 
intensities by Ig and 1^, respectively, we have 

Is 

Combining this with the Boltzmann relation, NJNj = 
we obtain ^ 

Ia ^ /Vo + VnJc Y^-hv„,Jhr (6) 

Is \n—VnJ 

Relation between the Induced Moments and the Polarizability 
Tensor . — It is clear from (2) and (4) that an exphcit evaluation 
of the intensity of Rayleigh and Raman scattering, in any parti- 
cular case, rests upon our being able to evaluate the matrix 
elements pj^y. and • Although, this may be done in specially 
simple cases, numerous difficulties present themselves when we 
tacWe more complicated ones. This procedure is, however, not 
necessary and many of the laws governing the Raman scattering 
may be deduced in an indirect way, as has been shown by Placzek. 
A tensor relationship of the form given below ^ should exist 
between the incident vector U and the induced moment vector 
Pkn • 

Cpx)lcn “ ^ (.^xi^kn ^y/5 • • • • C^) 

y 

where 

= ]■ ( 8 ) 


1 In deriving this, we have assumed that and are identical. 

This is true since p, which is a real quantity, is represented by a Hermitean 
matrix, 

' 2 Hereafter, the amplitude of the incident field, the polarizability tensor 
and the induced moment will be regarded as real quantities only. 
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In view of the relationship (8), we can derive the general laws bv 
considering the behaviour of a, which is an experimentallv 
determinable quantity, and thus avoid the necessity of having to 
explicitly perform the summations in (1) and (3). The intensity 
of scattering depends on/j’s and therefore on the components of 
«. We have, accordingly, to study the behaviour of the tensor 
components relating to each one of the matrix elements. 
The following relationships are easily understood. 

“*2/ = + , . . . . . . (9) 

where <5* = 1 or 0 according as x — y or X 9 ^y. 

^0 S' (A+B + C), . . (10) 

‘^^ 3 / = cosxx' cosyy'. .. .. (11) 

The first term in (9) is the isotropic portion of the tensor and is 
an invariant under a rotation of the co-ordinate axes The 
second term which is the anisotropic portion is a symmetric 
tensor with the sum of the diagonal terms always equal to zero 
The tensor components relating to the system of axes fixed 
m sp^e, are given in terms of oc'^^, relating to the system of 
axes fixed in the molecule, by equations of the type (11). 
The^ intensity of a Raman line depends on i.e. on 

obtaining the average intensity for a case where 
the molecules are randomly oriented in space, all cross products 
vanish and («o< 5 *+a^p 2 written as 

<W+(a;p^ (12) 

The intensities of the isotropic and the anisotropic scattering 
are therefore additive. 

Intensity and P olarization Characters . — Let us consider the 
special case of plane polarized incident light given by 

E^, = 0 ; Ey = 0 ; = E = Eo cos Invot. . . (13) 

(13) corresponds to Ux = Uy = 0 and = Eo as has already 
been explamed. We have 

Pz = a^^E and py = a^^E. . . 


(14) 
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In case we are dealing with Rayleigh scattering in the 
stationary state k, we have 


and 


kh 


■jy ® 


The former may he written as the sum of two terms 
and and these may easily be evaluated in the manner 


already described for the case of random distribution \ is 

kk 

also evaluated in the same manner and dropping the suffixes 
and omitting the constants of proportionality, we obtain 


3 2 

r, 2 1 4 2 * • • 


(15) 


If A, B and C are the principal polarizabilities, the limiting case 
of an anisotropic molecule will be one in which A is fini te and 

A 

B = C = 0 giving “o = -^ ^nd yo® = The upper limit for qv 


is therefore i and the lower limit is zero. The corresponding 
expression, when incident unpolarized light is used, may easily 
be written out and the upper limit in that case obtained as i 
instead of 

In the case of Raman scattering, associated with a transition 
we have 


4 = (“o): 


+ zT (yo)' 


2 

kn ’ 


4 — (yo) 


2 

hn 5 


Qv 


Hrct. 




(«o) 


hn 


+¥?'(yo) 


2 

kn 


(16) 


^ For simplicity, we are here considering the case of random distribution. 
In the rigorous treatment of the subject, we should consider the rotational 
quantum number J of the molecule in question and the permitted orientations 
will be only 2J+1. The molecule may pass over from any one of these to 
any other permitted orientation in the excited state, the transitions being sub- 
ject to the usual selection rules. The summations should be over these dis- 
crete states and not for all orientations. It will, however, be seen later that in 
most cases the two methods lead to identical results when we are dealing with 
aggregate intensities. 
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It may be seen from (16), that the upper limit for is | and 
occurs when (oco)^ is zero. This is always satisfied for the 
anisotropic portion of the tensor since it is characterized by the 
fact that the sum of the diagonal terms is zero. Accordingly, 
vibrational Raman fines in which there is no isotropic radia- 
tion are depolarized to the limit. Another instance of this type 
is the case of a rotational Raman line. It has already been 
remarked that oco, which is the sum of the diagonal terms of the 
tensor, is an invariant under a rotation of the axes and therefore 
(°<-o)hn> where k and n represent two different rotational states of 
a molecule, is zero. Accordingly the rotational Raman fines are 
always depolarized to the limit. The expression corresponding 
to (16), when incident unpolarized fight is used, may easily be 
written out and the upper limit in that case obtained as f . 

We shall now consider the case of incident circularly 
polarized fight ^ given by Ea, = Eo cos 2nv4\ Ej, = Eo sin 
Ej = 0 ; Ea,+fEj/ = In the place of (14), we have 

CPsi~^W^kn ~ (®^a;a:"t"f‘^2/a!)i;»Ej;“t-(oCa.y-l-ZiXyy)E2^ 





The first and the second terms correspond respectively to emitted 
fight that is circularly polarized in the same sense as the incident 
fight and to that which is circularly polarized in a reverse sense. 
Their intensities will be respectively proportional to 


4 ” ^yy 


^ XX ^yy~^'2i^xy 
2 ' 


Denoting these by Ic and E respectively, we have 

I. = WL + A(y.)L; = 

The reversal factor P is given by (17). 

p _ 


.. ( 17 ) 


^ This corresponds to 17a; = = Eq; = 0, 
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Combining this with (15), we obtain 

P = t — — or alternatively P = :r-^ . 

1-0 

The limits for P are obviously 0 and 6 since the limits for 
are 0 and | and for q are 0 and f . 

Vibrational Raman Scattering. — It has been shown in the 
foregoing sections that the intensity of a Raman line k^n 
depends on the existence of and therefore on the existence of 
If we regard the molecule as changing from a particular 
vibrational state v to another vibrational state there being 
no change in the electronic energy, we may write as 
This matrix element will no doubt have a unique value for a 
given position of the nuclei but will not be unique, if we are 
dealing with any given quantum state since the nuclei may 
occupy a range of positions permitted in that state. When we 
are interested in evaluating the scattering moment pertaining to 
a definite quantum state, we have accordingly to obtain the 
average value of a over the entire range of permitted configura- 
tions of the nuclei. If a has the value «.{q) for a particular 
position q of the nuclei, we have 

= / If* iq) cc(q) f^iq) dq (18) 

We may expand a(^) in the form 

“(«) = I (a^) 

qj, q^, etc., are the various normal co-ordinates of the molecule 
and a particular set of values of q^, qjc, etc., define a configuration 
q of the molecule. The set ^^=0, ^*=0, etc., correspond to the 
equilibrium configuration. A set of vibrational quantum 
numbers v*, etc., define a state v. Substituting (19) in (18) 
and integrating, we have ^ 


^ The method of evaluating these integrals is indicated in Appendix IV. 
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.. ( 20 ) 

In the above relations Cj = g— where fjij is the reduced 

. -jf—j 

mass and is the corresponding vibration frequency. 

In the simple case of a diatomic molecule with one vibra- 
tional degree of freedom, omitting the higher order terms, we 
may easily see that if the intensity of the Rayleigh line is given 
by ao that of the Raman line 0-> 1 is given by 
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This is based on a formal extension of the above treatment which 


shows that just as ao® is replaced by Cj is also re- 

placed by Cj . In this case, the only normal co-ordinate 

r represents the variation in the distance between the nuclei 
and dr takes the place of dq. This expression gives the parallel 
component when plane polarized incident light is used. The 


///.A 2 


perpendicular component will similarly be C,- • 5 ^ \^) ■ After 

substituting the value of Cy and multiplying the numerator and 
denominator by ro, the equilibrium nuclear distance, the in- 
tensities given in ( 21 ) are obtained. 


-rZ h 




F 


h 






( 21 ) 


I is the moment of inertia and a' and y ' have the same significance 
as has been assigned to them earlier in this chapter. These 
expressions are identical with those already derived from 
elementary considerations. Appropriate additions to P and 
F may easily be effected for the case of unpolarized incident 
light. All the laws that have already been deduced in respect of 
the polarization characters easily follow. If the series in (19) 
is assumed to be rapidly convergent, it follows that the overtones 
in Raman effect will generally be very faint even when they are 
permitted by the selection rules to appear. 

It is further obvious that for a Raman line to occur with 

appreciable intensity, either or or both should not 

vanish. Intense Raman lines corresponding to particular 
oscillations will accordingly result, if the mean polarizability or 
the anisotropy of the molecule varies considerably with a 
variation of the concerned normal co-ordinate. If the variations 

are comparatively small, the lines are weak. If only 

exists, the resulting Raman line is perfectly polarized and if 
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only exists, the resulting Raman line is depolari2ed to the 

limit. In interm^iate cases, we obtain intermediate values. 
The selection rules apd the conditions under which these extremes 
occur will be considered in greater detail in the next chapter. 

Rotational Raman Scattering . — No attempt has hitherto 
been made to calculate the intensity of the individual rotational 
lines or of the total rotational scattering as apart from the 
vibrational or Rayleigh scattering. The expressions so far 
given relate to the aggregate effect arising from the molecules 
in each one of the rotational states in the vibrational state v 
passing over into all the rotational states of v' permitted by the 
appropriate selection rules. In case where v = v', part of the 
total intensity will be arising from pure rotational Raman 
scattering and in case v v', a part will similarly be due to 
rotational Raman scattering in which there is a change in the 
vibrational energy as well. The selection rules for rotational 
Raman scattering have also not been derived explicitly. These 
problems will be considered in this section. 

In the place of the cartesian co-ordinates x:, y, z, we now 

1 1 

introduce circular co-ordinates ^.nd z 

and denote them by the suffixes 1,-1 and 0. r, 6 and (p represent 
the polar co-ordinates. We have the following relationships 
between the co-ordinates, direction cosines, vector components 
and the tensor components in the different systems of co- 
ordinates (see Appendix V). 

1 1 

: (x-hy;) = r sin0 ; 


v/2 


s/2 




1 


-iy) = r sm0 ; 

z — r COS0 . 


Do 0 — D^z' 

Do 1 = Do -1 = (Dz£c' + ^ D«2/') 

1 

Di 0 = D_i 0 = + 

D, = d!„ = -I + 
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Dll = D_i_i — i [(Da-a,' — • 

Ml = ^(Ma:+/Mj,) ; M-i = -^(M^—iMy) ; Mo = . 



0^0 0 — 

In the above equations D stands for the cosine of the angle 
between the co-ordinate axes indicated by the suffixes. The 
extended meaning of such a direction cosine in the case of 
circular co-ordinates will be clear from Appendix V. In the 
place of (7), (9), (10) and (11) we have (7a), (9a), (10a) and 
(11<3) respectively. The suffixes Z and ft denote that the com- 


ponents relate to the circular co-ordinates. 

= (7 a) 

% = 

ao = i («o o + ai + i) , •• •• (lOfl) 

“Ahi ” 2 ^A-A' . . . . . (11a) 


The transformation of a vector from one set of axes to 
another is according to the equation in the 


place of = cos a x'. The selection rules may now be 

easily obtained. The intensity of direct absorption depends on 
quantities like which are the matrix elements of the electric 
moment. These elements may be evaluated with the help of 
(22). The intensity of the Raman line due to a transition k-^n 
depends upon quantities like a*„. These may be evaluated with 
the help of (23). 

12 
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= •• (22) 

(“v)to = J“vV’!nA (23) 

The conditions under which the above integrals do not vanish 
have now to be investigated. In polar co-ordinates, the wave 
functions may be split into three parts, each depending respec- 
tively on r, Q and 95 . - We need consider only that part of the 
wave function which depends on cp and the relevant factor for 

is e^. Accordingly, the dependence of on (p will 

be determined by the factor s'm' and sm stand for 

the quantum numbers n and k respectively, m denotes the 
projection of the angular momentum on the Z axis and s denotes 
all the rest of the quantum numbers. We also see that M;( 
contains the factor where X is successively 1, —1 and 0. 
We accordingly obtain for absorption 

where X is successively equal to 1, —1 and 0. These integrals 
do not vanish only when 

m -m = + 1 or 0 . 

The former pair corresponds to circularly polarized components 
whereas the latter is a plane polarized parallel component. 
Similarly the dependence of the tensor component on (p 
will be determined by the factor In the case of 

Raman scattering, we therefore have 

j dcp . 

fx may have any of the values 0, + 1 , ±2 since X and p 
may each be either 1, —1 or 0. The integral does not vanish 
only when 

ifi nt = X-\- fx, — 0, +1, +2. 

The tensor components that are responsible for the isotropic 
scattering are the diagonal ones, ao 0 , a, _i and a_i 1 (see lOa), 
and hence m'—m = 0 is the selection rule for this type of 
scattering. Anisotropic scattering arises from all the transitions 
m'—m = 0,±l, ±2. It will be seen later that the corres- 
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ponding selection rules for J are respectively AJ = 0 and 
= 0, + 1 , ±2. These selection rules hold good generally but 
in special cases where the molecule possesses particular types 
of symmetry, there may be further restrictions imposed. For 
example, in a linear molecule, the entire angular momentum is 
confined to the plane of symmetry and the transitions AJ = ± 1 
disappear. A J = 0, + 2 are the only allowed transitions.^ 

If denotes a typical matrix element involving a 

transition m^m' in the rotational state, the intensity of the 
corresponding Raman line will obviously be determined by the 
squares of such elements. The intensity of a particular rotational 
line J J' will be determined by terms like 


22 


/ \5m 


The summation extends over all possible values of m and m'. 
This arises out of the fact that a molecule with an angular 
momentum quantum number J can have 2j+ 1 different possible 
values of m and each one of these is equally probable.. The 
appropriate factor, that enters the intensity calculations in 
respect of each of the molecules possessing the quantum number 
J in the initial state, will therefore be 


1 

2J4-1 


22 

m m' 




\sm 

'xyh'm' 


2 


The corresponding expression in the circular co-ordinates will 
be 


1 

2J-f-l 


22 


(“aJ 


sm 

s'm' 


2 


We shall now make use of the relation 


Combining this with (11a), we have 


.. (24) 


(^A^x) 


sni 

s'm' 


m' — m 
A' + A*-' 


2 (“'v) tpsmdx . 

^fj,' 


(25) 


1 This conclusion is valid only in the case of molecules whose ground state 
is a 27 state. 
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If, for simplicity, we assume that we are dealing with the case 
of diatomic molecules only and consider transitions in which 
there is no change in the vibrational quantum number, s and s' 
may be replaced by J and J' and only those parts of the wave 
functions which involve m and J, i.e. (p and 6 need be considered. 

1 i?n4> 

The part of ^ which involves (p is merely , and 


effect has already been taken account of and is contained in 
the selection rule w'—m = !'+/«' = A +;« and the symbol 
<^oiitains this fact. (25) will now be written as (25a). 


^ +7 f 2 (»'7 W-J- D,.,. sm9 de . 

J AV 


(25a) 


and 6jm are the normalized associated Legendre func- 
tions and since dt is equal to /•^sin6 dQdrd(p in polar co- 
ordinates, the factor involving B only is retained in (25a). 
The method of evaluating these integrals in the simple case of 
a diatomic molecule is indicated in Appendix IV. By squaring 
(25a) and summing up the result over all possible values of m 

for a given J, namely 0, +1 ± J, we obtain the following 

relations. 


Jm 

'm 


2|(“oo);: 




where 


m I 

i)! 


Jm 

'm+l 


Jm 

'j'm+2 


— 2 I (<^o 



[G1 = 3(2J+l)|(«o)|^ 

[G^I, = (2J+l)-§6;|(y„)f (26) 


ao is the mean polarizability given by (10a). yo stands for the 
anisotropy of the tensor and is equal to ao'o-ai'-i = ao'o— a_i'i. 

The explicit values of are given below. 
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J_ J(J+1) 

’j~ (2J-l)(2J + 3)’ 


j 3 (J+l)(J+2) 

J+2~2(2J+l)(2J+3)’ 
j 3 J(J-1) 

2(2J+1)(2J-1)- 


(26a) 


These values imply that the selection rule for J in such 
molecules is AJ=0, ±2. The depolarization factor for the 
anisotropic scattering, when linearly polarized incident light is 
used, easily follows as 

2 1 / 5 \Jm 12 / NT I / s I 2 3 

m \ \ I m \ '4 


The reversal factor P is given by 

2 1 / $ \Sm, 2 / I / « \Sm 1 2 

{\Jrm+2 / ^ K“i -Jrm =6. 

Other results that have already been deduced may also be easily 
derived with the help of (26). 

Intensities of the Individual Rotation Lines for a Symmetric 
Top Molecule . — ^This case differs from that of a diatomic molecule 
in possessing two different moments of inertia. A new quantum 
number K has to be introduced and the energy states of such a 
molecule are given by 

= B ; B = ^ -l) . (27) 

K is the projection of J on the symmetry axis and has 2J+1 
different values. Ic and Ia are the moments of inertia about 
the symmetry axis and an axis perpendicular thereto respectively. 
Placzek and Teller have evaluated the coefficients 
for the general case. Both the symmetric top and the diatomic 
molecule may be regarded as special cases and the appropriate 
expressions easily derived from the results of Placzek and Teller. 
The results of these authors will be quoted here. 


Writing[GT,*. = (2J+l).5.6* |(y.)P .. .. ( 28 ) 



Table XXXI 

The Intensity Factors for the Rotational Raman Lines (According to Placzek and Teller). 
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instead of (26), we can get the intensities of the individual 
rotation lines if is known. for various transitions 

JK->J'K' is given in Table XXXI. In order to get the factors 
relating to anti-Stokes lines, the following additional relationship 
should be used. 

lJ'K 

"JK 

For a symmetric top molecule, the polarizability ellipsoid 
may also be taken as a spheroid and the selection rule for K 
corhes out as AK=0. We accordingly get five branches of 
lines as per the scheme, given below, obtained by putting AK=0 
in (27). 

B 

Vj, j+2 = -(4J-f 6)-^ S series ; 

B 

’'j+2, J = (4J-t- 6) ^ . . . . O series ; 
B 

vj, j+i = -2 (J-b 1)-^ . . . . R series ; 

vj+i, j = 2(J-fl) ®....Pseries; 
Vjj = 0 . . . . Q series. 

In the case of a linear rotator, K itself is zero and the P and R 
branches do not appear at all, as may be expected. This is 

seen by putting K = 0 in the explicit values of obtained 

from Table XXXI. These values are identical with those given 
under (26a) as may be expected. 

For simplicity, it has been assumed in the foregoing deriva- 
tions that there is no change in the vibrational quantum number. 
The results are, however, unaffected even ifwe consider a transition 
in which the vibrational quantum number v changes to v', as 
this does not affect the wave functions depending on 6 and 93. 
ao, yo etc. have only to be replaced respectively by (oco)”,, (yo)"/ etc. 

Comparison with Experimental Results . — The more important 
conclusions of the above theory will now be serially stated and 
compared with experimental results in gases wherever available.^ 

^ In certain cases, the conclusions have also been found to hold good in 
liquids and sometimes solids but these will only be referred to occasionally. 
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The inferences relate to incident unpolarized light unless 
otherwise stated. Results relating to rotational as well as 
vibrational scattering will be dealt with in this section. 

1. The depolarization factor of each one of the rotational 
Raman lines should be f. Measurements have been made by 
Bhagavantam in hydrogen and deuterium and the results are 
given below. There is good agreement between experiment 
and theory. 

Table XXXII 


Depolarization of the Rotational Raman Lines 


Transition J. 


1-^3 

2->4 

3->5 

Hydrogen 

0-85 

0-86 

0-80 

0-82 

Deuterium 

0-86 

0-84 

0-86 


i 

0-84 





2. The depolarization factor of any vibrational Raman 
line should range between 0 and f . Table XXIX contains the 
results obtained in a few cases. 

3. Use of circularly polarized incident light should give 
rise to a high reversal factor for depolarized lines (P = 6 for 
rotational lines) and a low reversal factor for well polarized 
lines. No work has been done in gases but these conclusions 
are confirmed in liquids. 

4. Only molecules which are optically anisotropic may 
give rise to pure rotational Raman scattering. Increased 
optical anisotropy should result in an enhanced intensity of 
the rotational scattering. The fact that methane does not 
exhibit this type of scattering while O 2 , Ns, etc., exhibit the 
same with moderate intensity and CO 2 and N 2 O very strongly, 
is in entire agreement with this conclusion. 

5. Vibrational lines which are perfectly polarized consist 
of isotropic scattering only and should not be accompanied by 
rotational lines. The total symmetric vibrational line at 2918 
in methane is an example of this type. Vibrational lines which 
are either composed of anisotropic scattering only or which 
have a large proportion of it in them, are accompanied by 
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prominent rotation lines. The line at 3018 (g = 6/7) in methane 
and the line at 4156 (p = 0T3) in hydrogen are respectively 
examples of this type. Both these are accompanied by rotational 
lines. 

6. The total intensity of a vibrational line v in- 

clusive of all the rotational lines accompanying it, is propor- 
tional to j I ^ + sV j (yo)^' P in the parallel component and 

Al(yo)I'P perpendicular component per molecule for 

large values of J and unpolarized incident light. An individual 
rotational line J J' has an intensity proportional to 

^ in the parallel component 

in the perpendicular component per molecule (see 26 and 29). 


1^ Id'J'K 


2J-1- 1 


in the above expressions is given by 




ijJK 


1 


"'J'K 2J+1 




JK 

J'K] 


(ro): 


.. (29) 


The relative intensities’^ of the various rotation lines will be 

merely proportional to f multiplied by the number of 

molecules having the rotational quantum number J. The 

relevant values of obtained from Table XXXI for a linear 

rotator (K = 0) are given below. 

,jo J(J+1) 

Ojo - (2J-1)(2J+3) 


JO 3 (J+l)(J-b2) 

"j+2 0 - 2 (2J+l)(2J+3) 

lJO _ 3 J(J-l) 

0 2(2J+1)(2J-1)‘ 

The intensity of rotational lines J -> J + 1 vanishes, as may be 
expected. Only double quantum jumps have accordingly been 
detected in O 2 , N 2 , H 2 , D 2 , etc. The intensity of J : 0-^0 


The factor (»'o+>'jj')^ is omitted as vjj- is usually very small. 
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vanishes so far as it relates to the anisotropic part. This implies 
that the intensity of the fine structure component of the vibra- 
tion line v-^v' relating to J ; 0 ^ 0 should be composed entirely 
of isotropic scattering and accordingly should be perfectly 
polarized. The results obtained by Bhagavantam^ are not in 
agreement with this conclusion. 

The intensity of a line J-^J4-2 accompanying a transition 
v-^v' will be proportional to 

-B7a(j+i) 

gj(2J+l)e «■ (30) 

On the same scale, the intensity of a line J — 2 will be obtained 
by putting place of above expression. 

(2J-I- 1) is the degeneracy of the rotational state J. represents 

the a priori probability factor in respect of the rotational state J. 
For heteronuclear molecules, no distinction need be made 
between the even and odd rotational quantum numbers and g^ 

will accordingly be the same for all levels. For homonuclear 
molecules, the relative statistical weights of the two types have 
to be taken into account. These figures are given below for 
a few cases.^ 


Gas 

H2 

D 

2 

N; 

2 

02 

J .. 

odd 

even 

odd 

even 

odd 

even 

odd 

even 

gj • • 

3 

1 

1 

2 

1 

2 

1 

0 


The difference in the statistical weights arises from the fact 
that the nuclei possess spin moments and gives rise to an alterna- 
tion in the intensities already referred to (see Plate II). The 
results calculated in respect of the relative intensities of rotational 


1 Ind. Jour. Phys., 7, 549 (1932). 

2 More comprehensive Tables and a detailed discussion of the phenomenon 
of alternating intensities in the rotational spectra of homonuclear diatomic 
molecules are given in a number of other places. For example, reference 
may be made to Jevons, Report on Band Spectra of Diatomic Molecules, 139 
(1932). 
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lines at a temperature of 30° for H 2 and Dg are given in Tables 
XXXIII and XXXIV respectively. The intensities observed by 
Bhagavantam, at temperatures close to this, are also given for 
comparison. 

Table XXXIII 


Relative Intensities of Rotational Lines in Hydrogen 


Transition 

J->J' 

0 Series 

Transition 

J-^J' 

S Series 

Calculated 

Observed 

Calculated 

Observed 

2-^0 

0-12 

0-13 

0-»2 

0-67 

0-73 

3-^1 

0-12 

0-13 

1-^3 

2-05 

2-0 

4->2 

0-006 


2->4 

0-32 

0-31 




3->5 

0-23 

0-24 




4-> 6 

0-01 



Table XXXIV 


Relative Intensities of Rotational Lines in Deuterium 


Transition 

J^J' 

0 Series 

j 

Transition * 

S Series 

Calculated j 

Observed 

Calculated 

Observed 

2 0 

0-57 

0*7 

0-^2 

1*33 

1-34 

3^ 1 

0-22 

0-4 

1-^3 

0-90 

0-82 

4-^2 

0-20 

0-4 

2-»4 

1-47 

1-40 

5^3 

0-01 


3->5 

0-41 

0-46 




4-^6 

0-32 

0-38 




5-»7 

0-02 



B is taken as 59 -400 and 29 -9 16c for hydrogen and deuterium 
respectively. The observed results in certain cases represent the 
averages of the figures obtained with total scattering, horizontal 
component alone or the vertical component alone. Since all 
rotational lines are depolarized to the extent of f, it is immate- 
rial whether the calculations and observations relate to total 
scattering or to one of the components. The figures given in the 
Tables are in respect of the pure rotational scattering. In so 
far as we are dealing with the relative intensities only, the same 
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calculations apply to the rotational lines accompanying the 
vibrational line. In the former case the multiplying factor is 
[(yo)“ ] ^and in the latter, it is [(yo)^ ^ . Experimental results in 
respect of the latter are not available. 

Trumpy^ has worked with oxygen and his results are 
compared with the calculated values in Table XXXV. B for 
oxygen is taken as 1436c and the results are calculated at 
30°C. and reduced to the scale in which the fifth Stokes line is 
taken as 10. The agreement between the calculated and the 
observed values is fairly satisfactory. 


Table XXXV 

Relative Intensities of Rotational Lines in Oxygen 


J 

J' 

Experimental 

Theoretical 



Stokes 

anti-Stokes 

Stokes 

anti-Stokes 

1 

3 



4-2 

3-9 

3 

5 



7-2 

6-4 

5 

7 

8-8 

6-8 

9-3 

7-7 

7 

9 

9-7 

7-5 

10-2 

8-1 

9 

11 

100 

6-8 

10-0 

7-6 

11 

13 

91 

5-8 

9-0 

64 

13 

15 

7-2 

4-5 

7-4 

4-9 

15 

17 

6-0 

3-2 

5-7 

3-7 

17 

19 

4-3 


4-1 


19 

21 

2-8 


2-7 



7. An intercomparison may also be effected between the 
vibrational scattering v -^v' and AJ = 0 and the various accom- 
panying rotational lines, if we confine ourselves to the anisotropic 

part (perpendicular component) only. If we replace 

^jo set the expressions appropriate to such calcula- 

tions. The results are given below in Table XXXVI for 
hydrogen. 


Z. f. Phys., 84, 282 (1933). 
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Table XXXVI 

Relative Intensities of the Rotational Lines and the Fine 
Structure Components of the Vibrational Line 
( ^ Components only) 

v : 0-^1 0-^1 0 -»l 0-^1 0-^1 0-^1 0-^1 

Transition 

J : 0-^-0 1-^1 2~^2 3-^3 4->4 0->2 l -»3 

Calculated intensity 0 1-37 0-18 0 - 1-3 0-06 0-67 2-05 

The relative intensities of v ;0-^l,J : l->3 and v ; 0-> 1, 
J : 1 1 should be 3 : 2 according to the above Table. Measure- 

ments of Bhagavantam reveal a ratio of T3 ; 2 for these lines. 

8. If we again confine ourselves to the anisotropic scattering 
only, the aggregate intensity of the Q branch bears a ratio 
given by (31) to the aggregate intensity of the O and S branches. 

2 N 

Q branch (x Components only) j ^ JO 

0+^ branches (-i Components only) JJ'M 4-X'TSf 

j J ■ ^ J4-2 0^ j J * ^^J-2 0 

where Nj = gj(2J-M) e . .. (31) 

If the temperature and the value of B are such that the major 
contribution to the intensity comes from molecules having large 
values of J, it is easily seen that the ratio in (31) tends to 1 : 3. 
This is the case with molecules having a comparatively large 
moment of inertia and high temperatures. In such cases, only 
a fourth of the total anisotropic scattering is present in the 
Q branch. This is the limiting value of (31) and is identical 
with what has already been deduced earher in this chapter 
on the basis of the elementary theory. The distribution will, 
however, be different for molecules with small moments of inertia 
or at comparatively low temperatures. 

9. The aggregate intensity of the anti-Stokes rotational 
lines to that of the Stokes rotational lines will be given by (32). 

VNj 

4 ^ (2J+1)(2J-1) (32) 

V-M (J+l)(J+2) 

^^J'(2J-l-l)(2J-|-3) 
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Nj has the same significance as in (31). In the limiting case of 
high temperatures or large moments of inertia, the ratio becomes 
unity. Otherwise, there is a certain asymmetry. 

10. For symmetric top molecules,^ the irttensity of the 
lines AJ = ± 1 does not vanish as Kt^O. Amaldi and Placzek^ 
have studied the case of ammonia and recorded the transitions 

= + 1 besides AJ = ± 2 in accordance with the theory. 
The distribution of intensity in the various branches has been 
shown by these authors to be in qualitative agreement with the 
above theory. 

1 1 . Expression (6) has been found to represent the observed 
ratios of the Stokes and anti-Stokes lines correctly. Table 
XXXVII gives the results of Sirkar® who worked with carbon 
tetrachloride. 

Table XXXVII 


Ratio of Intensities of Stokes and anti-Stokes Raman Lines ^ 



T 

hvvv' 

fW 

A— vot'Y 
\v+Vvv') e 

! 

observed 

456 Cm-i 

328 

7-37 

6-27 

6-32 

315 „ 

328 

3-97 

3-57 

3-68 


12. For linear molecules, the ratio of the intensity of the 
vibrational Raman line to that of the exciting line is given by 
(33). 

_ hjSjl^V^l (cc'^ -I- tVo y'^) ^ ^ ^ 

(33) is easily obtained from (21) by separating three-fourths of 
the anisotropic scattering as rotational Raman scattering. 

^ Although nitric oxide molecule is apparently a linear rotator, the presence 
of a component of electronic angular momentum along the figure axis puts it 
under this class of molecules. Transitions corresponding to AJ = ±1 are 
accordingly observed in this case. 

2 Z. f. Phys., 8J, 259 (1933). 

^ Ind, Jour. Phys., 6, 295 (1931). 

^ If the theory is assumed to be correct, the observed results may be 
used to calculate the Boltzmann constant. 
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(33) refers to unpolarized incident light and Q branches only. 
It is strictly correct for limiting cases alone. For molecules 
like Ha and Da, having a low moment of inertia, the term involving 
y'2 will be somewhat different. As the anisotropic scattering 
is usually relatively small in the case of vibrational Raman 
lines as well as in Rayleigh scattering from diatomic or Hnear 
molecules in the gaseous state, (33) will be quite close to the 
correct expression. The figures obtained by Bhagavantam in a 
few simple cases are quoted below. They are somewhat approxi- 
mate but may be taken as giving the order of magnitude correctly. 

Table XXXVIII 


Intensities of Vibrational Raman Lines 


Gas 

Vvv' 

h 

1 

a' 

ao 

i 


Rayleigh scattering 
(Q branches only). 

Hydrogen 

4156 

1-43x10-2 

4-2x10-3 

0*54 

Deuterium 

2993 

1-00x10-2 

3-0x10-3 / 

0-32 

Oxygen . . 

1557 

0-092x10-2 

0-3x10-3 

0-57 

Nitrogen 

2331 

0-085x10-2 

0-2x10-3 

049 


, given in the last column, has been calculated with the 

ao 

help of (33) by neglecting the terms involving y. It gives a 
measure of the extent to which the mean polarizability of the 
molecule varies when the nuclear distance is varied. It is 
interesting to note that the order of magnitude of this quantity 
is about the same in all the molecules. For example, in 

r 

hydrogen, the value given for — implies a value of 0*29x10“^® 

OCq 

for This is obtained by taking 0-3976 x 10“^^ and 0-75 x 

10“® respectively for the mean polarizability and the nuclear 
distance for H 2 . For a doubling of the nuclear distance, this 
would mean that the mean polarizability would become one 
and a half times, causing a corresponding variation in the refrac- 
tive index. Although such enormous increase in the nuclear 
distance may not easily be effected by physical processes. 
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considerable increases may be introduced by raising the tempera- 
ture of the gas. Increased temperature will result in increased 
rotational energy and consequent centrifugal expansion. In 
fact, it may easily be calculated with the help of the above 
figures that for an increase of about 300°C., the mean polariz- 
ability should be expected to increase by about one part in a 
thousand. Small as this variation is, it must be capable of 
being detected by sufficiently accurate methods. It is interesting 
to note that this surprisingly small dependence of the polariz- 
ability on the nuclear distance is responsible for the existence of 
vibrational Raman scattering. 



Chapter XII 


SYMMETRY, SELECTION RULES AND MOLECULAR 

OSCILLATIONS 

Internal Degrees of Freedom of a Molecule . — In this chapter 
we shall confine ourselves to transitions in which the vibrational 
energy of the molecule alone plays a part. All the laws thus 
derived will also apply to cases where a transfer of other types 
of energy as well is involved, because the interaction terms are 
usually small. The molecule may be regarded as a mechanical 
model in which mass points are located at the various centres 
of the nuclei and bound to each other through dilferent types of 
forces. Such a system will obviously possess certain normal 
modes of vibration, each such mode having a characteristic 
frequency. Any other conceivable type of oscillation of such 
a system may be pictured as a suitable combination of some or 
all of the normal modes. If there are n particles in the model, 
3n co-ordinates will be required to specify the configuration of 
the system at any instant of time. If we restrict the centre of 
gravity of the system from undergoing translation and the 
system itself from undergoing rotation, only 3n—6 co-ordinates 
will be needed. Three of the co-ordinates thus removed refer 
to the location of the centre of gravity and the other three 
refer to the position of the principal axes of the system in space.^ 
In fact, in investigating the interatomic oscillations of a molecule, 
we are not interested in these degrees of freedom. The remain- 
ing 3n—6 co-ordinates only correspond to the internal degrees 
of freedom and relate to the positions of the atoms or mass 
points relative to each other. Corresponding to each co- 
ordinate, there is one normal mode of oscillation and we 
accordingly have 3n~6 normal modes of internal oscillations in 
a molecule composed of n atoms. Some of these modes may 


^ In the case of a linear molecule, this number may easily be seen to be 5 
and accordingly the total number of internal degrees of freedom is 3«-5 and 
not 3«-6. 

13 
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have identical frequencies and will not then be counted as 
independent. Two or more such modes in respect of which an 
overlapping occurs constitute a degenerate mode, the degree of 
degeneracy being equal to the number of modes that have 
identical frequencies. From the point of view of the subject of 
molecular spectra and molecular structure, several important 
problems now arise. Amongst these are an investigation of the 
nature and number of the normal modes, their exact frequencies, 
the possibility or otherwise of an energy transition on account of 
each one of them causing a Raman hne or an infra-red absorp- 
tion, etc. Many early attempts have been made to answer these 
questions in respect of certain simple molecules but the discovery 
of the Raman effect and the -consequent ease and definite- 
ness with which the vibrational frequencies of even compli- 
cated molecules can be measured have brought the above 
subject much to the fore-front in recent years. Two important 
characters of the molecule, namely the symmetry possessed by 
it and the forces that bind the various atoms that comprise it, 
determine the above features. For a complete solution of the 
problem, a knowledge of both is necessary. Although con- 
siderable uncertainty and difference of opinion exists as regards 
the latter, the symmetry of any molecule may easily be 
ascertained as it closely follows the distribution of the nuclei in 
space. It will be shown in the following sections that much 
useful information may be derived from a knowledge of the 
symmetry properties. 

Methods of Obtaining the Normal Modes of Vibration and 
Their Frequencies . — ^The most straightforward method is to 
formulate the kinetic and potential energy functions of the system 
in terms of its co-ordinates and to obtain the normal modes by 
the usual dynamical methods. If the oscillations are regarded 
as having infinitesimally small amphtudes in comparison with 
the nuclear distances, both the potential and kinetic energies may 
be expressed as functions of quadratic terms only, in the following 
manner. 

T ^ Fa^q^qj , V — ■J' F b^jq^qj ... . . (1) 

ij 

The method of deducing the normal modes of oscillation of such 



APPLICATION TO MOLECULES 


195 


a system is treated in detail in standard works under the theory 
of vibrations.^ A solution of the problem rests on our being 
able to find linear transformations of the type 

k ^ 

which transform T and V into (la). 

T = jrQ:; (la) 

* h 

No cross products exist in (la) and the co-ordinates Q^. thus 
obtained are called the normal co-ordinates, A^'s are related 
to the normal frequencies of the system as in equation (2). 

4 = 4 ^^'! ( 2 ) 

2/s are the roots of the determinantal equation (3). 

[ bij—aijX 1 = 0 (3) 

A solution of this equation wfil give the normal frequencies and 
from an examination of the transformations that have to be 
performed in order that (1) may be written as (la), the nature of 
the normal co-ordinates and the manner in which the constituent 
atoms move in each of the modes may be derived. 

Application to Molecules . — ^The simplest case is that of a 
diatomic molecule. There is only one internal degree of 
freedom for such a molecule and choosing q, the change in the 
equihbrium nuclear distance, as the corresponding co-ordinate, 
we may express the kinetic and potential energies as 

Y = .... (4) 

p is the reduced mass and F is the restoring force called into 
play per unit increase in the nuclear distance. (4) is easily put 
in the form of (la) by making the substitution q = Q and 
obtaining (4a). 

T = iQ^ V = (4a) 

[A 


The frequency of vibration is now obtained as (5) in accordance 
with (2). 



( 5 ) 


See Whittaker, Analytical dynamics. 
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This is a well known and frequently used expression. The 
normal co-ordinate is such that the motion consists of a to and 
fro movement of the atoms along the nuclear axis. 

We shall consider another simple case, namely that of a 
molecule in which three identical atoms are situated at the 
corners of an equilateral triangle. Such a system has three 
internal degrees of freedom and we accordingly require 3 co- 
ordinates for describing the system. We shall choose these 
three as the mutual displacements along the valency bonds 
and express the kinetic and potential energies by (6) and (7) 
respectively. 

v=f(«!+9:+i) « 

The kinetic energy function is obtained in the following manner. 
It may easily be shown that the symmetry of the configuration 

demands that the coefficients of should all be 

equal and each of these may be represented by A. Similarly, the 
coefficients of q^q^, q^qz and qzqx should all be equal and 
each of these may be represented by B. Suitable displacements 
are then given to the atoms subject to the condition that there 
is no translation or rotation of the moleeule as a whole and 
the kinetic energy is evaluated in each case. By forming a set 
of equations in this manner, the values of the coefficients A and 
B, occurring in the function, may be arrived at. The form of the 
potential energy function given in (7) is of a very simple type 
and assumes that V depends only on the mutual distances between 
the constituent atoms, m is the mass of each one of the atoms 
and F has the same significance as before. The determinantal 
equation (3) may now be written out and rearranged to give (8). 

® 

This system has therefore two independent frequencies vi and vz 
whose values are given by 

1 /3F 


1 /3F 
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va is degenerate and involves in it, two normal modes which have 
identical frequencies. The former corresponds to a mode in 
which the three atoms move in and out along the radial Knes. 
The latter corresponds to an isotropic motion of the three 
atoms in the plane of the triangle, each one describing a small 
circle round its mean position. 

Such calculations have been extended by Dennison^ and 
others to a number of simple models such as the tetrahedral 
and the pyramidal molecules but the treatment becomes very 
laborious even in comparatively less complicated molecules. 
If we are not particular of evaluating the exact frequencies but 
only desire to arrive at the number and nature of the normal 
modes, many short cuts are available® and we shall briefly 
review here the method of extreme force fields developed by 
Dennison. In this method, different parts of the molecule are 
first treated as separate units by postulating special types of 
forces. The characters of the actual case, which are usually 
intermediate between those of the extremes, are easily deduced 
from the above results. As an example, we may cite here the 
case of a pyramidal molecule YXs, the three X atoms being at 
the corners of an equilateral triangle which forms the base of 
the pyramid. Y is at the apex of the pyramid. The group of X 
atoms may be regarded as one unit and it will accordingly give 
rise to its internal vibrations. An investigation of these has 
already been made and it was shown that they were two in 
number. In each one of these, the atom at the apex will move only 
slightly and in such a manner as to satisfy the conditions that 
the centre of gravity of the system shall be fixed and that the 
molecule as a whole shall not rotate. In the former, the Y 
atom will move along the axis of the pyramid and the mode will 
be single. In the latter, the movements of the X atoms are 
isotropic in the plane and accordingly the Y atom will also 
move in an isotropic manner in a plane perpendicular to the axis. 
This mode will, as before, be doubly degenerate. There will 


^ Astrophys. Jour., 62, 84 (1925) and Phil. Mag., i, 195 (1926). 

^ See R. Mecke, The Structure of Molecules, Leipziger Vortrage (Eng. 
Trans.) 23 (1932). D. M. Dennison, Rev. Mod. Phys., 3, 280 (1931). 
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be two more oscillations which are similar in character but 
obtained by reversing the phase of the motion of the triangular 
base in so far as its internal oscillations are concerned. In 
one of them, which is single, the motion of the Y atom is still 
along the axis and in the other, which is doubly degenerate, the 
motion is in the plane perpendicular to the axis. There are thus 
altogether two doubly degenerate and two single vibrations for 
this type of molecule. The directions of motion of each of the 
atoms may easily be put down for either of the extreme cases, 
namely, that in which the force between any two of the X 
atoms is very strong, whereas the force between the Y and any 
of the X atoms is very weak, and another in which the situation ' 
is just the reverse. An actual case will be intermediate between 
these. For a pictorial representation of these modes, reference 
may be made to the original paper of Dennison. 

Symmetry of a Molecule and its Normal Modes of Oscillation. 
— ^It has already been remarked that the apphcation of the 
above methods to complicated molecules involves practical 
difficulties. Recent advances in this subject have, however, been 
made possible by the application of a very different branch 
of mathematics, namely, the theory of groups. Wigner^ has 
shown that such an application greatly facilitates the work with 
regard to the obtaining of the number and symmetry of the 
normal modes of oscillation of a molecule. This work has been 
followed up in a more extensive manner by Tisza,^ Wilson,® 
Placzek^ and Rosenthal and Murphy®. Placzek has given a 
number of Tables relating to the symmetry properties and 
selection rules in respect of the normal modes of various types of 
molecules. Wilson has dealt with many crystallographic and 
non-crystallographic groups. Numerous applications to actual 
cases have subsequently been made by other investigators and a 
correlation of the conclusions with the experimental results in 
infra-red absorption and Raman spectra has yielded most 


^ Gottinger Nachrichten, 133 (1930). 

2 Z. f. Phys., 82 , 48 (1933). 

3 Phys. Rev., 45 , 706 (1934) and Jour. Chem. Phys., 2 , 432 (1934). 
* Handbuch Der Radiologie, 6 , part 2, 205 (1934). 

5 Rev. Mod. Phys., 8 , 317 (1936). 
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fruitful results from the point of view of structural chemistry; 
We shall now briefly enunciate the principles underlying this 
method and outline the main theorems.^ Every molecule, by 
virtue of its symmetry, is characterized by a set of symmetry 
operations which have the property of transforming the molecule 
into itself. Symmetry operations that are usually met with are 
rotations about symmetry axes, reflections in symmetry planes, 
inversion through a centre of symmetry and rotations accom- 
panied by reflection in a plane perpendicular to the axis of 
rotation. The corresponding symmetry elements that the 
molecule may be said to possess are an axis of symmetry, a 
plane of symmetry, a centre of symmetry and a rotation-reflection 
axis of symmetry respectively. The symbols Cp, a, i and Sp 
may be taken to denote respectively a /j-gonal axis of symmetry, 
a plane of symmetry, a centre of symmetry and a p-gonal 
rotation-reflection axis of symmetry. The set of such operations 
for a molecule satisfies the requirements noted in Appendix VI 
and constitutes a point group. 

The kinetic and potential energies of a molecule, in terms of 
its normal co-ordinates, are given by (la). Since the apphcation 
of a symmetry operation appropriate to the point group of the 
molecule transforms it into itself, the kinetic and potential 
energies given by (la) should be invariant under all such opera- 
tions. The choice of the normal co-ordinates is accordingly 
subject to this condition. The most obvious transformations 
in the normal co-ordinates which satisfy the above requirements 
are (9) and (10). 

RQ.->Q. (9) 

( 10 ) 

R denotes a symmetry operation. When it is made to operate 
on Qi , the result in the first case is that Qk remains unchanged 
whereas in the second case, while its magnitude remains 
unchanged, the sign changes. The normal co-ordinate Qj, is 
said to be symmetric with respect to R in the first case and anti- 
symmetric with respect to R in the second case. In both cases, 

1 For a more detailed treatment, this section should be read in conjunction 
with Appendices VI and VII. 
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the energy function is invariant as it involves only the quadratic 
terms. These relationships hold good, only when the coefficient 
h of Qi is different from all the other A’s. In case a degeneracy 
occurs, more than one have the same X as their coefficients 
and under such conditions it may be shown that the energy 
functions will remain invariant only whdn the symmetry opera- 
tion on any one of the degenerate co-ordinates transforms it 
into a linear combination of all the degenerate Q’s in accordance 
with (11), 

.. .. ( 11 ) 

n 

The summation extends over all the Q’s that have the same X 
as their coefficients. All the normal co-ordinates Q which 
transform in accordance with (11) are said to be degenerate. 
If they are / in number, we have a /-fold matrix (n^^) and the 
sum of the diagonal components a** in this transformation is 
called the character of the symmetry operation R. Denoting 
this by %(R), we have 

;]f(R) = Uajcjc . . . . . . . (12) 

h 

is given by (12) and we shall have occasion to use this 
later. It is easily seen that the character of a symmetry operation 
is -f- 1 or — 1 according as the normal co-ordinate is symmetric 
or anti-symmetric with respect to it. The conditions imposed 
hy (9), (10) and (1 1) restrict the normal modes of oscillation of 
a molecule. Every mode must come under one or other of these 
types and they may be classed as symmetric, anti-symmetric 
or degenerate ^ with respect to each symmetry operation accord- 
ing as the relevant normal co-ordinate transforms as in (9), 
(10) or (11) respectively, as a result of the symmetry operation. 
Associated with a given point group, there will be a certain 
number of symmetry operations and if we consider the possibility 
of choosing normal co-ordinates which are either symmetric, 
anti-symmetric or degenerate with respect to each one of these 
operations, it appears at first sight that many alternatives will 


^ Degeneracy occurs only when there are present either rotation axes or 
rotation reflection axes of at least trigonal symmetry. 
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result. Group theory, however, further restricts the normal 
modes. It may be proved that associated with every group, 
there is a certain number of irreducible representations each of 
which represents a type of symmetry allowed for a normal co- 
ordinate. Every normal co-ordinate of a given molecule with a 
certain point group iriust possess symmetry characters which 
come under one or other of these irreducible representations 
(see Appendix VI). There may, however, be more than one 
normal co-ordinate associated with each irreducible repre- 
sentation as is often the case. The problem of finding the 
number and symmetry characters of the normal modes of 
oscillation of a given molecule therefore reduces itself to 
identifying its point group, symmetry operations and irreducible 
representations and then finding out how many normal modes 
are associated with each irreducible representation. The method 
of doing this is dealt with in detail in Appendix VII and the 
empirical side of it will be clear when we come to consider some 
examples in a following chapter. The total number should 
come out as 3« — 6 for a general polyatomic molecule consisting 
of n atoms and 3n— 5 for a linear molecule after subtracting the 
modes appropriate to pure translations and rotations. 

The questions, as to how many of these will appear in 
Raman effect alone and with what polarization characters, 
how many in infra-red, how many in both, and how many in 
neither are matters for further investigation on the basis of the 
selection rules. The important theorems, with the help of 
which the above results may be deduced, are given in 
Appendix VII. Tables giving the symmetry operations and 
irreducible representations appropriate to all the crystallographic 
point groups have been published by Wigner. Tisza has 
extended these Tables to several non-crystallographic point 
groups as well. With the help of these Tables, it is now a 
matter of routine to investigate the number and symmetry 
properties of the normal modes of oscillation of a given molecular 
model. 

Irreducible Representations and Selection Rules in Respect of 
Different Point Groups. — Below are given the character Tables, 
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due to Tisza, in respect of various point groups. For more 
extensive Tables, drawn up individually for each crystal system, 
reference may be made to Placzek’s paper. Below each Table 
are given the rules regarding the activity of the normal modes, 
confining only to the fundamental tones. In the case of the 
groups derived by combining two groups, the selection rules can 
be easily arrived at by considering the rules that are appropriate 
to both the groups or by applying the general formulae given in 
Appendix VII. Out of the 32 crystallographic point groups, 
character Tables in respect of 21 groups may be obtained from 
the Tables given here. The Table given under item 1 contains 
the groups Q, Q and Cg. The Table in respect of Czk may 
be derived with the help of the relation = C 2 X Q. The 
Table given under item 3(d) contains the groups Cs^, and D 3 . 
Tables in respect of and Ds* may be derived with the help 
of the relations Dg^ = Cg^xQ and Dg;^ = DgXQ. The Table 
given under 3(6) contains ^QV9 D, (V), D 4 , De and V^. 

Tables in respect of the groups (yid> h)« ^.nd may be 
derived with the help of the relations = V X Q, 04 ;^ = D 4 X Q 
and D 6 ft= DgXQ. Table given under 4 contains O and T^!. 
The Table in respect of O* may be derived with the help of 
the relation 0^= OxQ. The triclinic group Ci, having no 
elements of symmetry, is not considered and ten other groups, 
S 4 , C 4 , T, Tfe Cg, Csi, Cgft, Ce and Ce^ involving complex 
representations are omitted.^ This fist completes the crystallo- 
graphic groups. With the help of the Tables given here, several 
other non-crystallographic groups also may be dealt with. The 
notation used is that of Schoenflies.^ Significance of certain 
other symbols employed is given below. 

E— Identity. 

€ 00 ( 93 ) written as C((p) . . rotation about an axis of 93. 

2000(93) „ „ 20(93) „ „ ±93. 


1 See Wigner, Gottinger Nachrichten, 133 (1930) for these groups, 

2 See Wyckoff, The Structure of Crystals, 2nd Edn.^ 22 (1931). 
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2C 


2s: 


written as 


99 99 


20 


99 99 


. rotation about a /j-fold axis of k 

J5 55 +A: 


Iti 

P' 

Itc 

P ' 


. rotation about a /?-fold rotation- 
reflection axis of A: — . 


2S* , . rotation about a j?-fold rotation- 

2n 

reflection axis of -I- A: — . 


ctj^ ... reflection plane perpendicular to an axis. 

cr„ ... „ „ containing an axis. 

In some of the character Tables, a shghtly different notation, 
already described, is sometimes adopted but the meaning is 
evident, Cp and stand respectively for a p-gonal rotation 
axis and a p-gorvdX rotation-reflection axis. Non-degenerate 
modes are denoted by the letters A, B, etc., doubly degenerate 
ones by E and the triply degenerate ones by F. M denotes the 
electric moment vector and its presence in a certain representa- 
tion denoted by the symbol means that all 'the normal 
oscillations coming under that representation are infra-red 
active, a denotes the polarizability tensor and has the same 
significance in respect of Raman effect. 


Q 


E 

/ 

1 

Q 

E 

a 

A, 

A' 

1 

1 

A. 

A" 

1 

-1 


Q : — M A„, a Aj. 

Q M, -- A", A', A'. 

a-ii A', A', A", ' ' A". 
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Doo 

Cooi; 

E 

E 

2 Civ) 

2 Civ) 

C2 

Oq) 

Ai 

1 

1 

1 

A2 

1 

1 

-1 

El 

2 

2cos 9? 

0 

E2 

2 

2cos (p 

0 


2 

2cos I(p 

0 


M El for both groups. 

I A2 for Doo 

*22 ' ' (*»2> * 1 / 2 ) ' ' C*®* *j/2/5 *®!/) Ez- 


2jt 

3 . (a) p-odd ; CO stands for — in this Table. 


Dp 

E 

E 

20- 

20- 

Izl. 

2C ^ 

Pzil 

2C ^ 

pCz 

PCJV 

Al 

1 

1 

1 

1 

A 2 

1 

1 

1 

-1 

El 

2 

2cOS CO 

_ /7— 1 ' 

2cos 2 CD 

0 

E 2 

2 

2cos 2co 

2cos (/?— l)co 

0 

— 

— 

— 

— 

— 

Vi 

2 

2 

2cos CD 

2cos(^2 

0 


The same selection rules as are given for Ca,„ and D® 
apply to these cases also. It may be noted that when p = 3; 
E 2 = El and the selection rule for Ei will include that for Eg 
also. 
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(&) /j-even : co stands for ~ in this Table. 


Dj, 

Spv 

E 

E 

E 

2C1 

2C1 

2S1 

C2 

p 

C2 

p 

S2 

1"= 

2°’ 

fc, 

2 C 2 

Ai 

1 

1 

1 

1 

1 

A 2 

1 

1 

1 

P 

-1 

-1 

Bi 

1 


i-lf 

P 

1 


B 2 

1 

-1 

(-If 

-1 

1 

El 

2 

2cos <0 

2cOS ^ CO 

0 

0 

E 2 

2 

2cos 2oj 

2cos poo 

0 

0 

— 

— 

— 


— 

— 

Bp 

1-1 

1 2 

i 

2cos 

2cOS 2^|— l^CO ® 

0 


The dashed letters represent a class of symmetry operations which 
is different from that represented by the undashed letters. 

It may be noted that E| = 61 + 62. For and Dp, 

the same selection rules as for €«« and D® apply. Special 
attention may be drawn to the fact that when p = 4 ; E2 = 61+62 
and accordingly the rule “a?/) E2 splits up into two 

as and a^^~62. Similarly for p = 2 ; Ei = 61+62 

and the rules (a^^, ocy^) ~ Ei and Mx Ei split up respectively 
as a^2'^6i, (x.y ^ — ^62 and 61, Ma:'~62. The selection 

rules for S™, are 

Mj'^6i, Mx'^Ei, 

^zz -^1? ^yy E^_2 , 

^yy> ^2* 

In this case also, a splitting of the selection rules occurs when 
p ^ 6 and this must be taken account of in applying them to 
actual cases. 
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4 . 


o 

Td 

E 

E 

8C3 

8C3 

3C2 

3C2 

6C3 

6cr 

6C4 

6S4, 

Ai 

1 

1 

1 

1 

1 

Aa 

1 , 

1 

1 

-1 

-1 

E 

2 \ 


2 

0 

0 

Fi 

3 

0 

-1 

-1 

1 

Fa 

3 

0 

-1 

1 

-1 


M Fi for O ; M -- Fa for Td- 
a ~ Ai+E+Fa for both groups. 



Chapter XIII 


RAMAN EFFECT AND MOLECULAR STRUCTURE 


Notation— 'W q shall now proceed to consider specific cases 
of molecules. The choice of these is not exhaustive but the list 
only represents the more common ones. Ur in the Tables 
stands for the number of atoms whose positions remain invariant 
under the symmetry operation. P and D signify a weU-polarized 
and a depolarized Raman line respectively. / denotes that 
the line is forbidden to appear. These characters refer only 
to the fundamental tones and not to the overtones or com- 
binations. hj represents the number of group elements under 
the class j. %/ is the character of the operation in question in 
the representation defined by the cartesian co-ordinates and is 
equal to Ur ( + 1+2 cos ^Jr), the + or the — sign being used 
according as the operation is a pure rotation through 9 ? or a 
rotation through 9 ? accompanied by a reflection, y)/ is the 
character obtained after allowing for pure rotations and trans- 
lations and is equal to (Ur— 2) (1+2 cos (p^) for pure rotations 
and Ur(— 1+2 cos 95 r) for rotations accompanied by reflections. 


The number of modes Hi under each representation obtained with 
the help of the relation {\a) of Appendix VII includes the pure 
rotations, and translations, whereas obtained with the help of 
the relation (IZ?) excludes the pure rotations and translations. 

Diatomic Molecules . — ^Amongst the diatomic molecules 
studied are H 2 , D^, Ng, O 2 , Ch, HCl, HBr, HI, CO and NO. 
In all these cases, we should expect only one oscillation frequency 
and the value obtained from the Raman spectra in each case is 
given below. The restoring force F, expressed as dynes per cm. 


extension and calculated with the help of the equation v = 
is also given. 


1 /F 

ItcsJ /i’ 


H2 D2 N2 O2 CI2 HCl HBr HI CO NO 

Gas .. 4156 2993 2331 1556 .. .2880 2558 2233 2146 1877 

Liquid .. 4158 .. 2330 1552 555 2778 2487 .. 

FxlO-s 5-09 5-28 22-4 11-4 3-22 4-76 3-81 2-92 18-6 15-5 
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The existence of a dipole moment for HCl and HBr is presumably 
responsible for the fact that these molecules in the liquid state 
exhibit frequencies appreciably smaller than those in the gaseous 
state. F is a measure of the binding strength and the fact that 
the values may be roughly classified under three ranges in the 
neighbourhood of 5, 10 and 15 may be noted. This result will 
be referred to again under the section on valency. 

Triatomic Molecules . — ^There are three different types of 
practical interest under this class, namely linear symmetrical, 
linear unsymmetrical and bent symmetrical. The molecules 
studied under each type and the Raman frequencies obtained in 
each case are given in Table XXXIX. The frequencies which are 
given in italics do not represent the fundamentals. 

Table XXXIX 


Raman Frequencies Obtained in Triatomic Molecules 


Type 

Molecule 

Frequencies 

Linear sym- 

CO 2 

1265 

1286 

1389 

1409 


metrical 

CS 2 

400 

647 

655 

799 811 



HCN 


2062 

2094 


3213 


COS 

524 

{678) 

859 

1041 1383 

2055 2233 

Linear unsym- 

CICN 

397 

729 


2201 

metrical 

BrCN 

368 


580 


2187 


ICN 

321 


470 


2158 


N 2 O 



1285 


2224 


H 2 O 

1665 

3231 

3436 

3605 


Bent symmet- 

SO 2 

525 



1145 

1334 

rical 

D 2 O 

1250 

2363 

2515 

2662 



H 2 S 




2615 



The linear unsymmetrical molecules come under the point 
group Cooi, . A marked feature of this group is the absence of a 
centre of symmetry. The selection rules for this group are 
Infra-red active Ai and Ei, 

Raman active ^ Ai and Ei. 

E 2 and other representations merge into Ei. Accordingly, all 
the three fundamental modes should appear in Raman effect as 
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well as in infra-red absorption. This conclusion is very different 
from what is expected of symmetrical molecules like CO 2 and 
CS 2 . One of the three modes comes under the class Ei and is 
degenerate and should accordingly be depolarized to the limit, 
while the other two coming under Ai should be well polarized. 
We accordingly obtain three Raman hues in CICN, BrCN and 
ICN. The three fundamental frequencies of N 2 O are 2224, 
1285 and 589. All three appear in the infra-red absorption and 
two of them, namely 2224 and 1285, appear in the Raman 
effect. 589 has, however, not been recorded but should be 
present. 1285 has been found to be strongly polarized. This 
represents an oscillation in which the two outer atoms move in 
and out. The fact that it is infra-red active is most significant. 
These results lend strong support to the proposed unsymmetrical 
structure N-N-O for this molecule. In fact, this structure was 
first arrived at from the above considerations. Similarly, the 
third line in HCN should be present at about 712 but is pre- 
sumably too weak. In COS, several lines other than the three 
fundamentals are recorded and these have to be explained as 
overtones or combinations. The weak line at 2062 in hydro- 
cyanic acid is of special significance and has been attributed 
to the presence of a small percentage of the isomeric form 
H-N^C. 

The point group of the symmetrical molecules is Dooa and 
differs from Cro„ in having an additional centre of symmetry, 
Accordingly Ai and Ei split up into Ai^, Ai** and Ei^,, Ei„ 
respectively. The suffixes g and u indicate that the normal 
co-ordinate is symmetric and anti-symmetric respectively in 
relation to the centre of symmetry. The selection rules for this 
group will be those of Cooj, and taken together. These are 

Infra-red active -> Ai„ and Ei„, 

Raman active -> Ai^ and Eij,. 

We at once see that for this group of molecules, none of the 
lin es which appear in the Raman effect should appear in infra- 
red absorption and vice versa. This result is wholly different 
from what has been obtained for N 2 O and may, in fact, be 
regarded as a criterion for the symmetrical distribution of atoms 
14 
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in a linear molecule. Of the three fundamental frequencies 
for CO2 and CS2, only one belongs to the class Ai^. This is 
accordingly single, and should give rise to an intense and well- 
polarized Raman line which is not represented in the infra-red 
absorption. This mode is the total symmetric one and corres- 
ponds to a symmetrical to and fro movement of the outer atoms. 
One other frequency is of the Ai,^ type and is accordingly only 
infra-red active. The third one is dlegenerate and comes under 
the class Ei^ arising out of a transverse motion of the central 
atom. This also does not appear in Raman effect.^ The 
detailed correlation of the Raman and infra-red spectra of these 
molecules has been given in Table XXII. 

Symmetrical bent structures of triatomic molecules like 
H2O, D2O, SO2, H2S, etc., come under the point group Cg®. 
The character Table and the numbers «/, etc., for each irreducible 
representation Fi, are given in Table XL. 

Table XL 


Normal Modes of SO 2, etc. 


C 20 

E 

Cl 

a 0 ' 

V V 

H 

R&T 

«/ 

Raman 

Infra-red 

Ai 

1 

1 

1 

1 

3 

1 

2 

P 


A 2 

1 

1 

-1 

-1 

1 

1 

0 



Bi 

1 

-1 

1 


3' 

2 

1 

D 

Mz4 0 

Bg 

1 


-1 

1 

2 

2 

0 




3 

1 

3 

1 






hjxj ■■ 

9 

-1 

3 

1 






■■ 

3 

1 

3 

1 







We see that all such molecules should give rise to three 
Raman lines all of which are represented in the infra-red absorp- 
tion. Two of them should be well polarized and the third 
depolarized to f SO2 accordingly gives three lines at 526, 


^ A faint line corresponding to this at about 400 has been recorded in 
liquid CS 2 . This is presumably due to a distortio'n of the molecule in the 
liquid state. 
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1146 and 1340, all of which are represented in the infra-red 
absorption. 1340 has been found to be depolarized to the 
limit. There is some difficulty with regard to H2O, D2O and 
H2S as the movements of the hydrogen atoms which presumably 
do not cause appreciable variations in the polarizability tensor 
give rise to very weak Raman lines. Only two frequencies in 
H20 and D3O and one in H2S have been recorded. Water 
gives certain extra bands which have to be ascribed to poly- 
merized molecules and these are given in italics in Table XXXIX. 

Molecules of the Type of Phosgene . — ^The character Table 
and other particulars in respect of these molecules are given in 
Table XLI. These are assumed to be plane symmetrical struc- 
tures possessing the symmetry characters of the point group C2„. 


Table XLI 


Normal Modes of ChCO, etc. 


C 2 

E 

Cl 


< 


R&T 


Raman 

Infra-red 

Ai . . 

1 

1 

1 

1 

4 

1 

3 

P 

0 

As 

1 

1 

-1 

-1 

1 

1 

0 



Bi 

1 

-1 

1 


4 

2 

2 

D 

0 

Ba 

! 

1 

-1 


1 

3 

2 

1 

D 

My ^ 0 

Uh .. 

4 

2 

4 

2 






hjXf . . 

12 

-2 

4 

2 






h4' 

6 

0 

4 

2 







The Raman spectrum should contain 6 lines, all of which 
are represented in the infra-red absorption. Three of these 
should be polarized and three others depolarized to the limit. 
Table XLIl gives the observed frequencies for these molecules. 
Although the six fundamental frequencies of formaldehyde are 
known to be 917, 1039, 1460, 1760, 2865 and 2975 from a 
correlation of various spectra, they are not included in Table XLIl 
as the Raman spectrum is somewhat complicated by the fact 
that only aqueous solutions of formaldehyde have been 
studied. 
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Table XLII* 

Raman Frequencies of ChCO, S%Cl-Cl, SOCh 


C 12 CO 


301(«) 

444(m) 

571(S) 

834(>p) 

mO(m) 

SsCl-Cl 

107(m) 

210(/w) 

248(>p) 

449(S) 

545 (w) 


CloSO 

193(S) 

282(m) 

343(S) 

444(m) 

488(m) 

1229(S) 


* The last two molecules are provisionally classified here. There is some doubt as 
regards their structure. The number of lines recorded in S 2 CI 2 is more than what may be 
expected for the alternative linear symmetrical model. Polarization measurements will be 
of use in deciding these issues. 


Pyramidal Molecules. — Examples under this group are: 
(a) tetratomic pyramidal molecules like ammonia and the 
trichlorides of P, As, Sb, Bi, etc., and (b) molecules of the type 
XY3Z such as chloroform, bromoform, methyl chloride, 
POCI3, etc. In molecules of the latter type, it is assumed that 
the X and Z atoms are both on the axis of the pyramid whereas 
the Y atoms are at the corners of its base. All these structures 
possess the symmetry characters appropriate to the point group 
Cs,, and the character Tables and other necessary data for these 
two types of molecules are given in Tables XLlIl and XLIV 
respectively. 


Table XLIII 

Normal modes of PCk, etc. 


CsV 

E 

2C1' 



R&T 


Raman 

Infra-red 

Ai 

1 

1 

1 

3 

1 

2 

P 

MritO 

A 2 

1 

1 

-1 

1 

1 

0 

— 

— 

El 

2 

-1 

0 

4 

2 

2 

D 


^R, 

4 

1 

2 






hjx/ 

12 

0 







¥/ •• 

6 

0 

6 
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Table XLIV 



Molecules of type (d) should give rise to 4 Raman lines, 
all of which are represented in the infra-red absorption. Two 
of these should be well polarized and the other two depolarized 
to the limit. Trichlorides of phosphorus, arsenic, antimony, etc., 
and some tribromides have been examined. In all these cases, 
four Raman lines have been recorded. The results available in 
respect of their polarization characters show that two of them 
are well polarized and the other two depolarized to the limit, in 
accordance with the theory. In the case of ammonia, however, 
certain complications set in. As the pyramid is probably very 
flat, one of the frequencies at 950 splits into two. On account 
of the presence of hydrogen, certain oscillations are very weak. 

Molecules of type (b) should give rise to 6 Raman lines 
and show a complete correspondence with the infra-red absorp- 
tion. Three of these Raman lines should be well polarized and 
the other three depolarized. Table XLV contains the results 
obtained in CHCh, CHBrs and POCI3 which are typical repre- 
sentatives of this class. Additional lines which are very weak 
have been recorded in CHCI3 and CHBrs and these are pre- 
sumably either overtones or combinations. 


Table XLV 

Raman Frequencies of CHCIz, CHBrz and POCh 


CHCls 

259(S) 

364(S) 

664(S) 

756(m) 

1214(>v) 

3016(/72) 

CHBrs 

154(S) 

222(S) 

538(S) 

654(m) 

n46(M;) 

3023(m) 

POCI 3 

192(m) 

268(w) 

338(w) 

485(S) 

583(m') 

1290(w) 



Table XLVI 
Normal Modes of CeHe 
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As an illustration of the polarization characters amongst 
this class of compounds, we may cite here the case of chloroform 
in which 259, 756 and 1214 are depolarized to the limit whereas 
the other three, namely 364, 664 and 3016, are well polarized. 
This is in complete agreement with the theory. 

Benzene . — We shall assume a plane regular hexagonal 
structure for the benzene molecule, the symmetry of which 
conforms to the point group De^. The character Table for this 
has to be derived from that of De with the help of the relation 
De/j = De X Q. Every oscillation characteristic of the group Dg 
will now split up into two. We shall, as before, distinguish these 
by the prefixes g and u according as they are symmetric or 
anti-symmetric with respect to the centre of symmetry. 
Table XLVI contains the relevant characters. 

The results show that we should expect 2 polarized and 5 
depolarized Raman lines, none of which are represented in the 
infra-red absorption. On the other hand, we should expect 4 
infra-red maxima which are not represented in the Raman effect. 
A detailed comparison of the experimental results in Raman 
effect and infra-red absorption has already been effected in 
chapter X, where it was shown that there was no real and 
significant coincidence between any of the Raman lines and 
infra-red absorption maxima. The two polarized Raman lines 
that are to be expected are observed at 992 and 3063. The 
five depolarized Raman lines are observed at 607, 850, 1181, 
(1586-1608) and 3046. These results strongly support the 
hypothesis that the symmetry of the benzene molecule conforms 
to the point group Do/,. Other possible point groups may be 
considered and shown to lead to results which are in disagree- 
ment with the experimental facts. We have accordingly to 
conclude that the benzene molecule is a plane regular hexagon 
possessing all the elements of symmetry that are characteristic 
of the point group Do/,. 

The Nitrate and the Carbonate Ions . — In these groups, the 
three oxygen atoms are at the corners of an equilateral triangle 
and the nitrogen or the carbon atom is at its centre. The 
symmetry is that of the point group D 37 ,. This group has to 
be derived from D 3 as before with the help of the relation 
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Dg/, = Dg X Q. Each one of the normal modes appropriate to 
Ds will again split into two. We shall distinguish them by one 
and two dashes respectively according as they are symmetric or 
. anti-symmetric with respect to the plane of symmetry. BCh 
is also a plane molecule and has accordingly to be classed under 
this group. Table XLVII gives the relevant characters. 


Table XLVII 


Normal Modes of the Nitrate and Carbonate Ions 


Da/i 

E 

20- 

3 C 2 

o-//. 

2Si 

3<Tt> 

m 

R&T 

m' 

Raman 

Infra-red 

Ai' .. 

1 

1 

1 

1 

1 

1 

1 


1 

P 

/ 

A/ .. 

1 

1 

-1 

1 

1 

-1 

1 

1 

0 


. . 

E/ .. 

2 

-1 

0 

2 

-1 

0 

3 

1 

2 

D 

Uj.4^0 

A," .. 

1 

1 

1 

-1 

-1 

-1 

0 

. . 

0 



A/ .. 

1 

1 

-1 

-1 


1 

2 

1 

1 

/ 


El' .. 

2 

-1 

0 

-2 

1 

0 

1 

1 

0 

• • 



4 

1 

2 

4 

1 

2 






tljXj 

12 

0 

-6 

4 

-4 

6 






¥/ 

6 

0 

0 

4 

-4 

6 







These models should therefore be expected to give three 
Raman lines, two of which are depolarized to the limit, the 
third one being well polarized. The experimental results are 
in entire agreement with these conclusions as may be seen from 
Table XXIII. The principal lines at 1050 in NOg and 1088 in 
CO 3 have been found to be well polarized. The other two lines 
in both cases are depolarized and are present also in the infra- 
red absorption. The frequency corresponding to Kf does not 
appear in Raman effect. Its first overtone has, however, been 
recorded both for the NOs and the CO3 groups and this is in 
accordance with the selection rules. 

Tetrahedral Molecules . — ^Examples under this group are: 
(a) pentatomic tetrahedral molecules like the tetrahalogenides 
of carbon, silicon, tin, titanium, etc., methane, SiHi, etc., and {b) 
molecules like P4. In P4, it is assumed that the atoms are at the 
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comers of a regular tetrahedron. The point group in both 
cases is and the character Tables and other features are given 
in Tables XLVIII and XLIX. 


Table XLVIII 
Normal Modes of CCh, etc. 



E 

8Q 

3C2 

6a 

6S4 

m 

R&T 

m' 

Raman 

Infra-red 

A, 

1 

1 

1 

1 

1 

1 


1 

P 

/ 

A2 

1 

1 

1 

-1 

-1 

0 


0 

. . 

. . 

E 

2 

-1 

2 

0 

0 

1 


1 

D 

/ 

Fi 

3 

0 

-1 

-1 

1 

1 

1 

0 

. . 


Fa 

3 

0 


1 

-1 

3 

1 

2 

D 

active 

t/R 

5 

2 

1 

3 

1 






hjXj’ 

15 

0 

-3 

18 

-6 






¥/ •• 

9 

0 

3 

18 

-6 







Table XLIX 


Normal Modes 


Td 

E 

8 C 3 

3 C 2 

60 

6S4 

m 

R&T 

n% 

Raman 

Infra-red 

Ai 

1 

1 

1 

1 

1 

1 


1 

P 

/ 

A 2 

1 

1 

1 

-1 

-1 

0 


0 

. . 

. . 

E 

2 

-1 

2 

0 

0 

1 


1 

D 

/ 

F, 

3 

0 

-1 

-1 

1 

1 

1 

0 



Fa 

3 

0 

-1 

1 

-1 

2 

1 

1 

D 

active 

Ur .. 

4 

1 

0 

2 

0 







12 

0 

0 

12 

0 






r ; 

6 

0 

6 

12 

0 







Molecules of Type {a) should give four Raman lines, only 
two of which are represented in the infra-red absorption. One 
of the four Raman lines should be perfectly polarized while the 
other three are depolarized to the limit. Several tetrahedral 
molecules have been studied and in almost all the cases, the 
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results obtained are in entire agreement with the above con- 
clusion. In certain cases, such as CCh, more than four lines 
have, however, been recorded but alternative and satisfactory 
explanations based on the special conditions prevailing in the 
molecules may be given. The observed depolarization of the 
Rayleigh scattering as well as that of the total symmetric Raman 
line at 459 in CCI4 is not in agreement with the conclusions of 
the theory. A plausible explanation for this result is that we 
are dealing with the scattering coming from an admixture of 
isotopic molecules CClf , CCI 3 ' Cf, CClf Clf , CCf' Cl!' 
and CClf and not with a single type as has been assumed in 
the theory. Only the first and the last types in the above series 
belong to the point group whereas- “*he others may be 
expected to give rise to shghtly depolarized Rayleigh scattering 
as well as slightly depolarized total symmetric Raman lines. 
The Raman lines occurring in most of the tetrachlorides have 
been examined in respect of their polarization characters and 
similar results recorded. All of them show three lines which 
are depolarized to the extent of f and one strong line exhibiting 
a small but definite depolarization. Other possible models 
such as a pyramid or a plane may be considered for these 
molecules and the results derived shown to be in disagreement 
with the observed facts. ^ 

The case of P* coming under type (b) of this group is of 
great interest. The assumed model should give rise to one 
polarized Raman line and two depolarized Raman lines. The 
Raman spectrum of phosphorus has been examined both in the 
solid and the liquid states and three lines have been recorded 
at 363, 465 and 606. The first two lines have a depolarization 
factor of 0-86 and the third line is very well polarized.^ These 
results are in very good agreement with the conclusions of the 
theory. The structure proposed is also confirmed from X-ray 
investigations. 


^ See Placzek, Handbuch Der Radiologie, 6, part 2, 205 (1934). 

^ This line should be perfectly polarized according lo the theory but a 
small depolarization of 0-05 has been recorded by Venkateswaran, Proc. Ind. 
Acad. Sci., 4, 345 (1937). The origin of this is hot clear. 
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Ethylene . — The structure of this molecule is assumed to be 


a plane symmetrical one given by 



The point 


group is Da/j and has to be derived from D* with the help of the 
relation = Da X Q. Each one of the representations under 
Da will split into two and these may be distinguished as before 
with the help of the suffixes g and The character Table and 
the results deduced therefrom are given in Table L. 


Table L 


Normal Modes of C 2 H 4 , 



Ethylene should accordingly give three polarized and three 
depolarized Raman lines, none of which are represented in the 
inEa-red absorption. Several authors have discussed the vibra- 
tional spectrum of ethylene and concluded that these six 
Raman active frequencies are probably represented by 1621, 
3019, 1344, 3069, 950 and 1100. The first three are the total 
symmetric oscillations (Ai,,) and these have been found to be 
strongly polarized in accordance with the theory. Of the last 
three, only two have yet been recorded and the third is pre- 
sumably weak. Other weak lines not represented in the above 
scheme have also been recorded but these are probably either 
overtones or forbidden lines, coming out weakly in the liquid 
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state owing to internal fields slightly distorting the symmetry of 
the molecule. 

Spectra of Molecules having Similar Structures . — ^The 
following charts illustrate in a very striking manner, the similarity 
between the Raman spectra of molecules having similar struc- 
tures. Figs. 20 and 21 relate respectively to the trichlorides and 
tetrachlorides that have been studied. 
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The Nature of Interatomic Forces and Evaluation of the 
Normal Frequencies . — Hitherto we have been concerned only 
with deriving the number, activity and polarization characters 
of the normal modes. This information is no doubt very 
valuable but not complete. It has already been mentioned in 
the beginning that unless specific types of forces are postulated 
and the determinantal equation solved, we cannot obtain the 
frequencies in terms of the masses of the constituent atoms and 
the binding forces. Much useful work has been done in this 
direction as well. Several investigators have found that any 
one type of forces alone is not sufficient to explain the magnitudes 
of the observed frequencies. Amongst the various types that 
have been tried are the central forces and the valence forces. 
Very satisfactory agreement is not obtained in either case. The 
valence type of force field has, however, been found to be a better 
approximation than the central force field. Nagendranath ^ 
has obtained good agreement between the calculated and 
observed results in some cases by postulating additional forces 
such as the intravalence forces. Sutherland and Dennison^ 
have attempted to express the potential energy of the molecule 
as the sum of general potential functions of groups of atoms 
in the molecule together with certain small interaction terms. 
The potential functions of the groups themselves are derived 
from their known vibrational frequencies. In this way, they 
have obtained several interesting results. Van Vleck and Cross ® 
have evaluated the potential functions for the HgO molecule 
from purely theoretical considerations. Urey and Bradley ^ 
have also assumed forces perpendicular to the bond lines in 
addition to the central forces. Manneback and co-workers 
have made a very extensive study of these problems. From 
these and many other investigations which are not cited here, 
it is seen that no single and simple type of force field represents 
the results with any degree of exactness. 


^ Ind. Jour. Phys., 8 , 581 (1934) and Proc. Ind. Acad. Sci., 1 , 250 (1934). 
2 Proc. Roy. Soc., 148 , 250 (1935). 

2 Jour. Chem. Phys., 1 , 357 (1933). 

^ Phys. Rev., 38 , 1969 (1931). 




Chapter XIV 


RAMAN EFFECT IN RELATION TO CRYSTAL 
STRUCTURE 

Introduction . — The comparative ease with which experi- 
mental data may be collected in liquids has resulted in the 
accumulation of a wealth of detail relating to this branch. 
Many gases have also been studied, by employing special tech- 
nique, on account of their simplicity and theoretical importance. 
Such studies, which are primarily intended to throw light on 
problems relating to the structure of molecules, have dominated 
the field during the past ten years. Similar advance has not 
been made in the case of solids, as numerous experimental 
difficulties arise out of the fact that it is not easy to get large 
and transparent solid lumps or flawless single crystals of appre- 
ciable size. A study of the Raman effect in the solid state may 
proceed in two distinct directions according as we use an aggre- 
gate of randomly oriented crystals (crystal powder) or a single 
crystal as the scattering unit. Some special experimental 
methods have been evolved for the former case and these are 
described in the next chapter. The fact that in such a case, we 
are dealing with a randomly oriented mass makes the situation 
resemble closely that prevailing in a liquid or a gas and many of 
the interesting features pecuhar to the crystal are missed. Never- 
theless, results of great complexity are occasionally, obtained in 
such cases and attempts have been made to correlate these with 
the internal structure of the crystal without reference to the 
marked directional properties that are usually characteristic of 
a single crystal. On the other hand, no special arrangements 
are necessary for obtaining the Raman spectrum of a single 
crystal but all the difficulty lies in the direction of securing a 
properly cut and polished piece of suitable size exhibiting 
no internal flaws. Once this is achieved, a very wide field of 
investigation is at once opened up and it may be hoped that 
such studies will reveal the intimate connection that is likely to 
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exist between crystal symmetry and light scattering on the one 
hand and allied optical properties of the crystal on the other. 

Advantages of Using a Single Crystal . — From the point of 
view of light scattering, a single crystal stands on a special 
footing for the following reasons : — 

1. The scattering units (groups of atoms that make up the 
ions or molecules in the crystal) are oriented in a definite and 
ascertainable manner with respect to the directions of incidence 
and observation. 

2. Unlike the case of a fluid, where the only possible 
arrangement of the scattering units is that of the random type, 
the case of a crystal enables us to obtain a variety of orientations 
corresponding to different settings of the crystal axes. This 
results in our obtaining a much wider range of information. 

3. Any unit cell in the crystal is exactly like any other and 
the somewhat complicated problem of studying the dynamics of 
the whole crystal is, accordingly, simplified to some extent. 

A Simple Chain Lattice . — In order to bring out the full 
significance of the results, it is necessary to obtain a general idea 
of the dynamics of crystal lattices. This subject has been studied 
in great detail by Born and Karman and a full account of this 
theory is given in a number of places.^ Following Born, we 
shall start by considering the elementary case of a chain lattice. 
If we have an infinitely extending chain of atoms as in Fig. 22, 



Fig. 22. 


and if we assume a harmonic binding between the particles, the 
equations of motion of the 2nth and (2n+ l)th particles may be 
written as 

mUin — w(Ua„+i+ Uzn~l — 

A*U2,841 = a(j72„+2+ Ua,, — 2C/2 „+i) 3 
It may be noted that all the even numbered atoms have a mass 
m and the odd numbered ones have a mass [jl. Un represents 

i Handbuch Der Physik, XXIV/2, 638 (1933). 



A SIMPLE CHAIN LATTICE 


225 


the displacement of the «th atom and a is the restoring force 
called into play for a unit change in the mutual distance between 
any two adjacent atoms, the normal value of which is denoted 
by a. The whole motion of the lattice can be represented by a 
system of such coupled differential equations. By assuming 
that the solutions of these equations are periodic in time as well as 
position, we can write 


= U' . I 

U^+x = U" . j ’ 


( 2 ) 


where cw = 2jiv and r = — . co and % are the important para- 
meters and they respectively define the periodicities in time and 
in space, co stands for the number of vibrations in 27 i seconds 
and T stands for the number of waves contained in a distance of 
In cms., X being the corresponding wave-length. Combining (2) 
with (1) so as to eliminate the 17’s, we obtain the set of equations 
(3). 

(mco2-2a) 17'-l-2a cos ax . 17" = O') 

2a cos ax . — 2a) 17" = 0 j " ' ' 

If we neglect the trivial solution 17'= U"= 0, we obtain (4). 


cos 2ax\ • •• (4) 

fViijj V y 

Combining (3) and (4), we get (5). 

U' __ —2a. cosax —2fx cos ax . 

U" mco^— 2a m— + 2m jx cos 2ax' 

At this stage we may consider the case in which m and 
pL are to be regarded as unequal, separately from the one in 
which the two sets of atoms are to be regarded as having the 
same mass. In the former, if we assume that m> fx, and plot 
cu as a function of ax in accordance with (4), we obtain the two 
curves given in Fig. 23a. It is easily seen that the function 
repeats itself after ax becomes ax-\-n and hence the graphs are 

given between the limits ax — and ar = ^ only. The upper 

curve corresponds to the plus sign and the lower one to the 
minus sign in (4). For small values of ax, (4) may be expanded 

15 
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and written as two separate series corresponding respectively to 
the two separate curves as follows. 


(Oi^ = 2a . 


< 02 ^ = (ax) 


m+fjt 

m{jb 

loL 

Tn-\- jii 


- (ary 


2cc 

m+/jL 


+ 


+ 


a) 




(S) 

rn^jUL 


C«) 

’m>ju 


As ar-^O or as 2-^ oo, the first series tends to an upper limit 
given by the peak of the upper curve in Fig. 23a, whereas the 
second series tends to a lower limit of zero given by the depres- 
sion in the lower curve. It may also be noted that when ax ^0, 

the plus sign in (5) gives ^.nd the minus sign in (5) 

gives = 1 . Since ~ we the 

(hsplacements of the neighbouring atoms are in opposite direc- 
tions in the modes belon^ng to the first series (coi) and that 
they are in the same direction and differ by infinitesimally small 
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amounts in the modes belonging to the second series '(( 02 )‘ 
These series have been respectively called the optical and the 
acoustic series of oscillations. Figs. 24a and 24b are pictorial 




Fig. 24b. 


representations of these two types of oscillations. It is now not 
difficult to see that the limiting oscillation (2 -> oo) of the optical 
series consists of a mutual displacement of the two portions of 
the lattice against each other, such that the centre of gravity 
remains undisplaced, whereas the limit of the acoustic series is 
fundamentally different in that it is a type of translatory motion. 
In case m = ^, we have (6) instead of (4). 

7ac 

CO® = — (1 + cos ar) . . . . . (6) 

m 

Fig. 23b represents the two relevant curves. The two series 
merely merge into each other at the limits ax = 2 and czt = — 2 • 

Three Dimensional Lattices . — By extending these ideas to 
three dimensional lattices, Born has shown that the normal 
oscillations of such lattices may similarly be divided into two 
classes. We also get the result that if there are n atoms in each 
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unit cell/ there are 3n series on the whol^hree of which are 
of the acoustic type having zero frequenJP in the limit and 
3n— 3 of which are of the optical type. The distinction between 
these two types is the same aS that deduced in the case of the 
simple lattice. It may also be shown that, provided the number 
of atoms is very large, the only oscillations that are of any 
significance in either absorption or light scattering are the 
limiting ones. It may be recalled that these Umiting ones are 
characterized by the fact that 1 is infinitely large or that a large 
number of neighbouring atoms move in the same phase. Others 
are not significant for our purpose and we have accordingly to 
deal with the 3n hmits only. 

The optical series may further be divided into two classes, 
namely, those involving relative motions of the ionic or the 
molecular units as a whole and those involving relative motions 
also of the atoms that constitute the units. In the former, which 
may be called the lattice oscillations, the forces are usually weak 
and the frequencies are relatively small. In the latter, which 
may be called the internal oscillations, the forces are usually 
strong and the frequencies are relatively large. Such a dis- 
tinction is, however, somewhat arbitrary and the two types 
occasionally run into each other. 

When light falls on such a system, the three series of 
acoustic waves react in a manner which is fundamentally 
different from that observed in the case of the other 3«— 3 optical 
series. The presence of such acoustic waves results in a stratifica- 
tion of the medium, giving rise to Brillouin components in the 
scattered light. An elementary theory of this effect, for a case 
in which the medium is non-crystaUine, i.e., when there is only 
one sound velocity associated with a specific direction, is given 
later in this book. In general, however, there are always three 
distinct sound velocities associated with a given direction in a 
crystal which generate an acoustic wave surface of three sheets. 


^ The theory may formally be extended to the case of n particles, covering 
the nuclei as well as the electrons. If, as has been done here, each nucleus 
with the electrons belonging to it is regarded as a single particle or atom, we 
confine ourselves to the infra-red region of the spectrum only. 
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These should, accordingly, give rise to six Brillouin components, 
three on each side of the centre or the undisplaced position. 
Gross ^ reported some preliminary results in crystalline quartz 
which seemed to reveal the existence of the expected number 
of Brillouin components. Raman and Venkateswaran ^ have 
subsequently been able to reproduce an exceptionally striking 
photograph which they obtained with gypsum showing the six 
components. 

The limits of the 3«— 3 optical series, on the other hand, 
manifest themselves either directly as absorption bands in the 
infra-red or indirectly as Raman radiations in the scattered light, 
the frequency shifts in the latter case corresponding to their 
respective limits, provided they are permitted to do so by the 
usual selection rules. As has already been explained, a certain 
number of these will be classed as lattice lines and the others 
as internal lines. 

In cases where two of the crystal axes become equal, 
as in a trigonal or a hexagonal crystal, there will be only two 
distinct degrees of freedom corresponding to the acoustic series 
limits and 2n—2 distinct degrees of freedom corresponding to the 
optical series limits. A two-fold degeneracy sets in for all the 
oscillations that take place in the symmetry plane. Similarly, 
in a cubic crystal, a three-fold degeneracy sets in and there are 
only n—\ optical series if there are n atoms in each unit cell. 
This rapid diminution in the number of distinct normal oscilla- 
tions of the lattice is the first and the most important con- 
sequence of increasing crystal symmetry. 

Application to Actual Crystals . — It has been pointed out in 
chapter II that an ideal crystal, in which thermal motions may 
be ignored, may not be expected to scatter any light at all. An 
actual crystal, by virtue of its temperature, is not entirely 
free from thermal agitation and will accordingly scatter light. 
The heat content of such a crystal has been pictured in the 
foregoing paragraphs as equivalent to a system of waves, which 
will be mostly of the acoustic type at ordinary temperatures. 


^ Comptes Rendus (Doklady) de I’Acad des Sci., U.S.S.R., 18 , 93 (1938). 
^ Nature, 142 ^ 250 (1938). 
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The experimental confirmation of the existence of Brillouin 
components in the light scattered by crystals may be regarded as 
a satisfactory proof of the validity of such an analysis. The 
limiting frequencies of the optical series, which are comparatively 
high, will manifest themselves in absorption and Raman scattering 
as induced effects. If we remember that these limiting oscilla- 
tions are characterized by the fact that a large number of equi- 
valent neighbouring atoms are all moving in the same manner 
and in the same phase, the problem of analyzing the modes of 
such* oscillations becomes very easy. This situation is alterna- 
tively described by saying that all the equivalent points of the 
lattice have the same motion at a given instant of time. 
Accordingly, we need consider the group of n non-equivalent 
points which constitute the unit cell of the crystal lattice and 
describe their positions for completely specifying the motion of 
the whole lattice. This group may be treated, by applying 
methods which are exactly similar to those already described 
in the case of molecules. Several crystals have been dealt with 
in this manner in a recent paper by Bhagavantam and 
Venkatarayudu.^ Some general results only will be quoted 
here. 

When a group of atoms constituting an ion or a molecule 
forms part of the unit cell of a crystal, its normal modes will 
in general undergo modification in three directions. The most 
important modification is in respect of the degenerate modes. 
They continue to be degenerate in the crystal as well, only when 
the crystal possesses the same order of symmetry as the free ion 
or the molecule. If the symmetry breaks down, the degeneracy 
also breaks down and each degenerate mode will split and give 
rise to the appropriate number of distinct modes. For example, 
the SO4 ion, having a tetrahedral symmetry in the free state, has 
two triply degenerate and one doubly degenerate normal modes. 
When a monocUnic CaS04,2H20 crystal (gypsum) or an 
orthorhombic CaS04 crystal (anhydrite) is built out of them, 
each one of the degenerate modes splits into three or two distinct 
normal modes in the crystal, as the case may be. This kind of 


^ Proc. Ind. Acad. Sci., P, 224 (1939). 
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Splitting may be referred to as splitting due to degradation of 
symmetry. The separation between the split components may 
or may not be very prominent. 

Apart from this kind of spHtting, we may obtain a further 
multiplication of lines on account of the fact that each unit cell 
contains more than one ion or molecule, as the case may be. 
Every normal mode of the free ion, on this score, will be replaced 
by m normal modes in the crystal, if m is the number of ions or 
molecules contained in the unit cell. This situation arises out 
of the fact that the m ions, contained in the unit cell, which are 
not strictly identical with each other in the matter of their 
environment, may all oscillate in accordance with a particular 
normal mode, some of them moving in phase and others out of 
phase and vice versa. We get several such possibilities but the 
frequencies of all these combinations will not be very different 
from one another, as the coupling forces between various groups 
are not usually very strong. This kind of splitting, the origin of 
which may be traced to the environmental changes from one 
ion to another in the same unit cell of the crystal, will be much 
less prominent than the splitting due to degradation of symmetry 
and is likely to be of the same order as the shifts that are usually 
obtained, with changing concentrations, in certain Raman 
frequencies due to ions in solution. 

The third direction in which changes may occur, as we pass 
from a free ion to a crystal, is in respect of the selection rules. 
Very often, at least one component arising from a given Raman 
active mode of the free ion will be Raman active in the crystal 
and conversely, every Raman active mode of the crystal would 
have arisen from one or other such modes of the free ion. 
Exceptions may occur and an example is the line at 852 appearing 
in the Raman spectrum of aragonite and arising from an inactive, 
mode of the free CO3 ion. 

Thus the Raman spectrum of a crystal need not be identical 
with that obtained either in the molten or in the dissolved state 
of the same substance but may differ in one or all of the following 
respects. Some of the lines may split into close components, 
additional lines may appear and some of the lines may dis- 
appear in the crystal. It may, nevertheless, be noted that the 
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Splitting is usually very small and that the latter phenomena are 
of infrequent occurrence. This explains the general similarity 
that has frequently been noticed in the literature between the 
Raman spectra of crystals and the corresponding melts or 
solutions. 

Some Cases of Special Importance . — Diamond and rock 
salt crystals will now be considered in some detail. They belong 
to the cubic system and their structures represent two typical 
classes. Special interest also attaches to these two substances, 
as their Raman spectra have been studied with great care by a 
number of investigators. Fig. 25a represents a unit cell of the 
diamond lattice and Fig. 15b represents a unit cell of the rock 
salt lattice. In both cases, there are only two non-equivalent 
atoms in each cell and on account of cubic symmetry, we should 
expect only one triply degenerate normal oscillation of the 
optical type for each one of these lattices. In the case of 




• — ®- 0 

c 

Fig. 25. 

diamond, this may be pictured as a to and fro motion, against 
each other, of the two interpenetrating lattices. In the case of 
rock salt, one portion of the lattice, consisting of the sodium 
atoms alone, oscillates against the other, consisting of the chlorine 
atoms. The location of the centre of symmetry is different in 
the two cases and this results in the normal oscillation becoming 
symmetric with respect to the centre in diamond and anti- 
symmetric with respect to it in rock salt. We should accordingly 
expect a strong Raman line in diamond with no corresponding 
absorption in the infra-red and a strong infra-red absorption in 
rock salt with no corresponding Raman hne. It is now well 
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known that the experimental results are in full agreement with 
these conclusions. 

A better physical picture of this interesting dilference 
between the two types of crystals may be obtained by 
referring to Fig. 25. In a (diamond), all atoms denoted by dots 
are equivalent and belong to one lattice and that denoted by a 
circle belongs to the other. The location of the centre of sym- 
metry is shown by the cross and it is easily seen that a mutual 
oscillation of the two lattices, which is symmetric with respect to 
the centre, resembles the only normal oscillation of a diatomic 
molecule and is accordingly Raman active. In b (rock salt), 
same notation is employed and it is easily seen that the location 
of the centre is such that the normal oscillation is anti-symmetric 
with respect to it. This resembles one of the normal modes of a 
linear symmetrical triatomic molecule, shown in c, and is accord- 
ingly Raman inactive and infra-red active. Crystals hke those 
of KCl, KBr, etc., which have the NaCl structures will be 
expected to behave similarly and exhibit no Raman lines, whereas 
crystals of ZnS, Agl and all others having the diamond arrange- 
ment may be expected to behave like diamond. 

Another interesting feature about diamond, which may be 
mentioned hepe, is the fact that while the transverse Rayleigh 
scattering in it should be perfectly polarized, the Raman Hne 
should be expected to exhibit an appreciable depolarization, 
because it comes under the degenerate class. This statement 
apphes to all cubic crystals, provided the normal oscillation in 
question is Raman active. 

Effect of Crystal Orientation on the Raman Spectrum . — It 
has already been mentioned that when the Raman effect is 
studied with a single crystal, it is possible to obtain a wider 
range of information than that obtained when a crystal powder 
is used. For example, if we deal with a uniaxial crystal and 
designate the direction of the incident light by OX, that of the 
scattered light by OY and the vertical hne by OZ, it is easily 
seen that three alternatives arise in respect of the nature of the 
incident light. It may be unpolarized or linearly polarized along 
OZ or linearly polarized along OY. In each one of these cases, 
the optic axis of the crystal may be placed parallel to either 
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OX or OY or OZ. Thus the number of alternative arrangements 
becomes nine. For each one of these settings, the scattered 
beam may either be photographed as such or only the horizontal 
component of it or only the vertical component of it may be 
photographed, thus enabling the observer to secure 27 separate 
spectra on the whole. The number will obviously be much 
larger for a biaxial crystal. 

There has been some early work done by Schaefer, Matossi 
and Aderhold,^ Miss Osborne,® Cabannes and Canals® and 
Michalke * on these hnes. Amongst the more recent investiga- 
tions, mention may be made of the work of Nedungadi ® and 
of Bhagavantam ® dealing with sodium nitrate and calcite respec- 
tively. The results obtained in these two cases are closely 
analogous to each other, as may be expected from the close 
similarity that exists between their structures. Some of their 
important conclusions will now be described. Fig. 26 is a 
diagram which gives an insight into the well-known structures 
of CaCOs and NaNOs. The unit cell is a rhombohedron and 
contains two molecules. Only the non-equivalent atoms are 
shown in the figure. The plane equilateral CO 3 or the NO 3 
configuration, as the case may be, is easily recognized in the 
figure. A number of them are piled up with their planes nor mal 
to the symmetry axis, which is also the optic axis of the crystal. 
There are only two lattice oscillations and three internal oscilla- 
tions which are Raman active.'^ All the three internal oscilla- 
tions are characterized by the fact that the movements of the 
individual atoms are confined to the symmetry plane only, 
whereas the two lattice oscillations are of a somewhat different 
type. This is reflected in the experimental results and it is 
connected with one of the most important observations of 


1 Z. f. Phys., 65, m (1930). 

^ Diss. Paris University (1932). 

® Comptes Rendus, 193, 289 (1931). 

* Z. f. Phys., 108, 748 (1938). 

® Proc. Ind. Acad. Sci., 10, 197 (1939). 

® Ibid., 11, 62 (1940). 

’ For a detailed analysis of the normal oscillations, reference may be 
made to Proc. Ind. Acad. Sci., 9, 224 (1939). 
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Nedungadi and Bhagavantam relating to the reciprocal behaviour 
of the lattice oscillations on the one hand, and the internal 



oscillations on the other. In the case of the internal oseillations, 
if the incident light vector is perpendicular to the plane of the 
triangle, the axis of the dipole giving rise to one of them, namely 
the total symmetric one, is also perpendicular to the same while 
the other two are not excited at all. On the other hand, if the 
incident light vector lies in the plane, the axes of the dipoles 
relating to all the three oscillations also lie in the plane. The 
strength of the dipole corresponding to the total symmetric 
oscillation is much more in the latter case than in the former. 
This results in the 1084 hne of calcite and 1068 hne of NaNOs 
being excited much more strongly when the incident light vector 
lies in the symmetry plane than when it is parallel to the optic 
axis. The behaviour of the lattice lines is fundamentally dif- 
ferent. They usually disappear when the internal oscillations 
appear and vice versa. The polarization characters exhibited 
by these lines are also generally reciprocal of those exhibited by 
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the internal oscillations. From this, we have to conclude that so 
far as these oscillations are concerned, the axes of the corres- 
ponding dipoles are such that there are components both parallel 
and perpendicular to the incident light vector. It has been 
shown by Bhagavantam that all these results may be satisfac- 
torily correlated with the symmetry properties of the crystal by 
considering the selection rules in detail. 

In the foregoing paragraphs, only the bare outlines of the 
subject have been dealt with. The importance of studying the 
Raman effect in single crystals, in all its aspects, is just beginning to 
be realized. It may be confidently hoped that the subject of crys- 
tal physics wiU be considerably enriched by such investigations. 



Chapter XV 


EXPERIMENTAL TECHNIQUE 

General— T>\S.tx&ai experimental arrangements have been 
adopted by different investigators in order to suit the particular 
work under consideration. The details of the arrangement 
depend upon the nature of the substance under investigation. 
The three main items, ordinarily necessary for obtaining the 
Raman spectrum of a substance, are a suitable source giving a 
line spectrum for illuminating the substance, a container for the 
substance with transparent windows for illumination and 
observation and a spectrograph for the purpose of photographing 
the Raman spectrum. In cases where substances are available 
in the shape of large and transparent solid blocks such as gypsum, 
quartz or glass, the container may be dispensed with. There are 
many other auxiliary devices such as Hght filters, water circulation 
arrangement, reflectors, lenses, nicols and double image prisms, 
which are employed for special purposes. A general description 
of the arrangements will now be given and this will be followed 
by a detailed consideration of the improvements that have been 
effected in each direction. 

Figs. 21a and 21b show two arrangements commonly 
employed for the study of the Raman spectrum of a hquid. 
In the first arrangement, originally adopted by Raman, 
the illumination is not strong. Wood suggested the second 
arrangement in which the proximity of the lamp to the Raman 
tube results in a large intensity of incident light. While the 
second arrangement possesses this valuable advantage, there are 
two points in favour of the first arrangement. These are : the 
direction of observation is nearly transverse though not strictly 
so and it is possible to eliminate effectively all stray hght 
with a comparatively narrow tube. This method is therefore to 
be preferred whenever measurements of the intensity or polariza- 
tion characters of the Raman lines are made, although it is 
relatively slow. The increased illumination in the second case 
carries with it the presence of rays in the incident fight, which 
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exhibit a large deviation from transversality with respect to 
the direction in which the scattered beam is observed. It is 



Fig. 27b. 


also not so easy to effectively eliminate all parasitic light. As 
such, the latter method is somewhat unsuitable for the study of 
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the polarization and intensity characters but is eminently suited 
for obtaining rapidly the Raman spectra of substances. In the 
latter arrangement, it is usually necessary to prevent the Raman 
tube from being unduly heated by the lamp. This is achieved 
by circulating cold water in an outer jacket enveloping the tube. 
In this arrangement, reflectors of various shapes are also often 
located, either above or below the lamp or both, in order to 
further enhance the intensity of illumination. In both these 
arrangements, the rest of the apparatus is the same. A lens is 
used to focus the scattered beam on the slit of a spectrograph 
which is preferably of a high light gathering power. 

Only slight modifications in the above arrangements are 
necessary for applying them to the case of gases. The liquid 
tube is simply replaced by a suitable container to hold the gas 
under investigation at a high pressure. The details of con- 
struction of such containers are dealt with a Httle later. In 
the case of solids, which are in the form of loose crystals or 
powders, certain essential modifications are necessary for 
successfully photographing the Raman spectra. These are 
mainly intended to avoid the masking eflect due to a large amount 
of direct Hght coming out of the containers by repeated reflection 
at the crystal faces and entering the spectrograph. These will 
also be dealt with in the appropriate places. 

Sources and Methods of Illumination . — ^An ideal source 
would be one which strongly emits a monochromatic radiation 
in the neighbourhood of 4000 A.U. In the absence of such a 
source, attempts are made to approach this ideal by using a 
suitable arc emitting a hne spectrum in conjunction with a hght 
filter. The sources now used may be broadly divided into two 
classes, namely, lamps employing mercury and lamps employing 
other substances. Under the category of mercury lamps, a 
variety of them have been constructed for different purposes. 
Besides the usual flat type mercury arc of about 6 inches length, 
which is the simplest and most commonly employed source, 
mention may be made here of the capillary lamps, spiral arcs, 
specially long arcs, the annular arc and so on. The shape of the 
arc depends to some extent on the nature of the investigation. 
Sometimes, more than one arc may be used with advantage. 
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Amongst the sources in which substances other than mercury 
are used as emitters, the helium lamp developed by Wood may 
be mentioned. This lamp, when surrounded by a filter of nickel 
oxide glass, furnishes a single wave-length (2.3888) for purposes of 
excitation and Wood^ has employed this for obtaining several 
very nice Raman spectra. The whole spectrum is easy of inter- 
pretation because there is no overlapping by the Raman lines due 
to any other excitation as in the case of a mercury arc. As the 
manipulation and construction of this source is more difficult 
than the mercury arc, it has not been widely used in spite of its 
advantages. Krishnamurti ® has used an arc consisting of a 50% 
tin-cadmium alloy for a study of the Raman spectra of coloured 
substances. Such lamps have also been constructed by Hoffman 
and Daniels.® 

Some special methods of illumination have been used by 
certain investigators. Bar^ has employed a long column of 
liquid and sent a parallel beam of light down the column and 
reflected it backwards. By examining the scattered light in the 
backward direction and slightly away from the incident light, 
considerable intensity may be obtained. This method of illu- 
mination is particularly useful for experiments with circularly 
polarized mcident light. 

Spectrographs . — ^An essential feature of a spectrograph, 
suitable for the study of Raman spectra, is high light gathering 
power. Good resolution combined with high light gathering 
power will make the instrument admirably suited for this work. 
Several instruments have been put on the market to answer 
these requirements. Daure ® and Bourguel ® have described 
spectrographs of great luminosity. An aperture ratio of at 
least F/7 is usually desirable in most cases. Cabannes and 
Rousset ^ have recently used a spectrograph having an aperture 


1 Phil. Mag., 7, 858 (1929). 

2 Ind. Jour. Phys., 5, 587 (1930). 

3 Jour. Amer. Chem. Soc., 54, 4226 (1932). 
^ Physikal. Z., 30, 856 (1929). 

® Rev. Optique, 7, 45 (1928). 

« Ibid., 10, 474 (1931). 

’’ Comptes Rendus, 206, 85 (1938). 
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ratio of F/0'7 for working with gases at normal pressures. 
Instruments of higher resolving power such as gratings have 
been used occasionally but are not to be recommended in view 
of their poor luminosity, which necessitates long exposures. 

Billroth, Kohlrausch and Reitz ^ have developed a special 
type of spectrograph for a study of the Raman effect in crystal 
powders. Fig. 28 shows their arrangement. It consists of two 



parts, each part having a prism and two lenses represented by 
the dashed and undashed letters respectively. The slit is common 
to both. The substance, which is in the form of a crystal powder, 
is illuminated with visible hght in the usual manner. From the 
diagram, it may easily be seen that e and e', and d and d' are 
conjugate positions. The image at e being that of 24358 will 
mostly be formed by the light coming from e' and if e' is hidden 
with the help of a screen, the over-exposure of 4358 may be 
considerably prevented. This does not, however, affect the 
intensity of the Raman radiations as these are of altered wave- 
lengths and accordingly appear further up on the plate. The 
conjugate positions of such points are further down e' in the 
container and the slit is free to gather light from such positions. 
These authors have been able to work with very small quantities 
of substances by this method. The method is somewhat ana- 
logous, in principle, to the technique of complementary filters 
developed by Ananthakrishnan. 

Z. f. Eiektrochemie, 45 ^ 292 (1937). 

16 
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Containers . — The most suitable container for a liquid is a 
thin wall soda glass tube of about 1 inch internal diameter. One 
end is flattened and it constitutes the window through which the 
scattered light emerges out. The other end is drawn into the 
shape of a horn and blackened outside to provide a suitable 
background. This is slipped into a slightly wider tube which is 
provided with an inlet and an outlet. Either a suitable filter 
or cold water may be contained or circulated in the annular 
space as per the requirements of the work. The cooling jacket 
may be attached to the liquid tube with split rubbers and some 
cement. Such tubes are now made by various firms with trans- 
parent fused silica as the material. In such cases, a plane 
window is fused on the front and joints between the outer jacket 
and the inner tube are also effected by fusing. The sizes may, 
however, have to be altered to suit the quantities of liquids that 
are available for the investigation. 

A special type of tube, shown in Fig. 29, has been developed 
by Pal and Sen Gupta ^ for a study of the Raman effect in liquids 
that are decomposed by exposure to light and hence need to be 
changed frequently. The liquid in the apparatus is continuously 



distilled and the decomposed matter is collected in the reservoir. 
Excellent Raman spectra may be obtained for liquids Hke 


^ Ind. Jour. Phys., J, 609 (1930). 
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methyl iodide and aniline with such an apparatus. Tubes 
of other design, intended for continuous distillation have also 
been constructed by Murray and Andrews.^ 

Rasetti ^ was the first to develop a container for holding 
gases under high pressure. A description of his apparatus, which 
is shown diagrammatically in Fig. 30, is given below. 




Loa 



The apparatus is intended to withstand pressures of 10 to 15 
atmospheres. Q is a thick wall quartz tube, having an internal 
diameter of 2*2 cms. and a length of 20 cms. This quartz tube 
is fastened to a large steel tube S by means of sealing wax. The 
external quartz tube E is filled with acetic acid in water in order 
to absorb the 21849 radiation. This is done in order to prevent 
photo-chemical reactions in certain gases such as oxygen. 
22536 radiation of the mercury arc is used as the exciting radia- 
tion. The mercury arc is cooled by running water and the 
discharge is deflected towards the substance with the help of a 
strong magnet. 

A container to stand pressures up to 50 atmospheres has 
been developed by Bhagavantam.® This apparatus is shown 
in Fig. 31. The gas is contained in a transparent silica 
tube having an inner diameter of and an outer diameter of 


^ Jour. Chem. Phys., 1 , 406 (1933). 
2 Phys. Rev., 34 , 376 (1929). 

® Ind. Jour. Phys., 6 , 319 (1931). 
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This is enclosed in an outer steel tube T for protection. 
A circular glass window contained between thick rubber washers 
is pressed against the plane end of the quartz tube by a steel 
screw cap. The steel tube has a slit 6" x cut out of it for 
illuminating, the gas. The gas is 'admitted through a pin valve 
V attached to the screw cap C 2 at the back end of the quartz 
tube. An inclined black glass B is provided for securing a dark 
background. The outer surface of the silica tube is painted 
black leaving only a slit, in the same position and of the same 
size as the slit in the outer steel tube, for illumination of the gas. 
A system of painted apertures A is provided within the silica 
tube with the result that no light reflected by the walls of the 
tube enters the spectrograph. Pressures up to 50 atmospheres 
can be used in this apparatus and very good photographs are 
obtained in about 40 to 50 hours’ time using A3650, 24046 and 
24358 as the exciting radiations. 



Houston and Lewis, Langseth, Trumpy and others have 
worked with gases under pressure, using slightly modified forms 
of apparatus. Wood employed a very long tube of HCl gas 
and obtained its Raman spectrum at atmospheric pressure using 
a specially made mercury arc. 

Different types of containers for crystal powders have 
been developed from time to time. Menzies^ and Bar^ 


Nature, 124, 511 (1929). 


2 Ibid., 692 (1929). 
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were the first to obtain satisfactory Raman spectra from coarsely 
powdered crystals. The technique developed by these authors 
had opened up a wide field of research. Krishnamurti studied 
a large number of substances.. The container used by him was 
a cell of triangular cross-section, two sides of the cell being 
silvered. The incident light entered through the third side. 
Ananthakrishnan^ extended the work on crystals to a great 
variety of substances by using filters. The essential features of 
this method will be described in the next section. 

The Use of Light Filters . — ^Filters have been used for four 
different purposes. As has already been mentioned, it is 
desirable to isolate a particular line, from the source such as 
the mercury arc, for purposes of excitation and to suppress all 
others. This is the primary use to which filters have been 
put. One of the two prominent mercury lines, namely, A4046 
or A4358, is isolated and the other excluded in most investiga- 
tions. An aqueous solution of sodium nitrite and a solution 
of iodine in CCI4 may be mentioned as examples of filters which 
may be used to absorb 4046 and 4358 lines respectively. Filters 
have also been used to cut out the lines or the continuous 
spectrum in the source in certain regions so that Raman lines 
falling in these regions may be clearly recognized. The use of a 
concentrated solution of didymium chloride by Krishnamurti, in 
order to reduce the continuous spectrum in the source in the 
vicinity of 24358, may be mentioned as an example of this type 
of usage. A third use to which they have been put consists 
in just weakening one or the other of the two main lines 24046 
and 24358 of the mercury arc. By studying each liquid with 
two filters successively, which weaken respectively the 24046 and 
24358 lines, and by a visual comparison of the relative inten- 
sities of the lines on the two plates, proper assignment can be 
arrived at. Krishnamurti has made use of this method. Lastly, 
Ananthakrishnan has employed them for obtaining very good 
Raman spectra from crystal powders. His method consists in 
choosing a pair of filters which act in a complementary manner. 
One of them is interposed in the path of the incident light and 


^ See numerous papers in the Proc. Ind. Acad. Sci., 5 (1937). 
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the Other in the path of the scattered light. His arrangement is 
shown in Fig. 32. In this figure, {a) shows the side view, and 
{b) is the section. The shape of the arc used is clear from {b). 



Light from a mercury arc is first filtered through the filter 
A, consisting of a moderately strong solution of iodine in CCh, 
before being allowed to fall on the substance. This transmits 
A4046 and all the other lines on the longer wave-length side are 
absorbed. The scattered light is then filtered through the 
filter B, consisting of a solution of NaN02, which freely transmits 
all the longer wave-lengths but considerably weakens 24046. 
Such a procedure results in a vast improvement in the technique 
of the photography of the Raman spectra of crystal powders. 
Employing this method, Ananthakrishnan has obtained some 
very clear Raman spectra of crystal powders. Below is given a 
Table of some of the filters that have been used in Raman effect 
and the purposes for which they have been used. 
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Table LI 

Description of Filters 


Filter 

- 3k 

Purpose 

Remarks 

Fairly saturated solution 
of NaNOa 

Absorbs A4046, may 
be used in the tech- 
nique of complementary 
filters 

Absorbs A4046 

^idely used 

Quinine sulphate solution 

Fluorescent, should 
be kept away from 
the Raman tube, 
not satisfactory 

Potassium dichromate 

solution 

Iodine in CCI 4 (moderately 
strong) 

Do. 

Unsatisfactory 

Absorbs A4358, may be. 
used in the technique 
of complementary 

filters 

Widely used 

Iodine in CCI 4 (very 
dilute) 

Absorbs A4916 and A5460, 
used for cleaning up 
this region 

Widely used 

Cobalt sulphocyanide solu- 

Absorbs A4358 

.... 

tion 



Dilute solution of sodium 

Absorbs A4046 

.... 

salt of 0 -cresolph- 
thalein 



Uranine solution 

Absorbs A4358 

.... 

Didymium chloride solu- 
tion • 

Weakens the continuous 
spectrum after A4358 
and isolates A5460 

.... 

M-dinotrobenzene in 

Do. 

.... 

benzene 



Nickel oxide glass 

Transmits A3889 of 
helium 

Used by Wood 

Acetic acid in water 

Absorbs A 1849 

Used by Rasetti 

2% solution of / 7 -nitro- 

Absorbs all ultra-violet, 

Used by Edsall and 

toluene and one part in 
50,000 of the rhodamine 
dye (5 GDN extra) in a 
30 mm. thick layer 

transmits less than 1 % 
of A4047 and about 1 % 
of A4916 while trans- 
mitting more than 70% 
of A4358 

Wilson 


Technique for Determining the Polarization of Raman Lines . — 
The simplest arrangement adopted for this purpose is shown 
diagrammatically in Fig. 33. 

The light from a source S is condensed with the help of a 
condenser C into the substance contained in a Raman tube R. 
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The scattered light is focussed, with the help of a lens L, on the 
slit of the spectrograph. A suitably oriented double image 



s c 


<:r> L 

1^ D 



prism D separates the vertical and horizontal components in 
the scattered light and two images, one above the other, are 
accordingly formed on the slit. The two images are thus 
photographed simultaneously and any fluctuation in the intensity 
of the lamp will affect both to the same extent. It is not there- 
fore necessary that the lamp should be maintained at constant 
intensity. The intensities of the two components for any given 
line are then compared by one of the usual methods employed 
for comparison of intensities of two beams of the same wave- 
length. For instance, a set of intensity marks from a constant 
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intensity source may be given on the same plate by the method 
of varying slit widths^ and a density-log intensity curve drawn 
for the wave-length in question. With the help of the curve, 
the ratio of the intensities of the two components is obtained. 

The above description is greatly simplified and there are 
many precautions that one has to take in practice, before one 
can get reasonably accurate values of the depolarization factors. 
Great many additions and modifications have been made to the 
arrangement shown in Fig. 33 by various investigators with a 
view to eliminate or minimize these errors. These will now be 
briefly enumerated. 

(n) Crystalline quartz to be avoided. — Quartz condensers, 
quartz spectrographs and quartz windows should not be used in 
the arrangement unless it be that they are made of fused quartz. 
The optical activity of crystalline quartz introduces great 
complications into the experiments on polarization. 

{b) Strain-free windows. — ^The window of R through which 
the scattered light is viewed should be strain-free. Otherwise, 
birefringence due to its photoelastic properties sets in and 
vitiates the results. This is particularly important when work 
is being carried on with gases under pressure or when windows 
are fused on to tubes. Plane windows are to be preferred to 
those having a curvature. 

(c) Polarization due to oblique refraction at the prism 
surfaces. — In accordance with the well-known Fresnel’s laws of 
reflection and refraction, the horizontal and the vertical com- 
ponents are, in general, neither reflected nor transmitted equally 
by transparent media. As a result, the depolarization of any 
radiation, passing obliquely through the prisms of the spectro- 
graph, is altered: the vertical component loses more than the 
horizontal one in the usual arrangement and the depolarization 
is apparently enhanced. The error introduced in this manner is, 
however, a constant, characteristic of the instrument used. It 
may be determined very exactly by allowing unpolarized light to 
fall on the slit of the spectrograph and determining its state of 
polarization as it emerges out at the other end. 


^ The details of this method are given in the next section. 
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There are also other methods of eliminating this error. A 
birefringent substance like a mica plate may be introduced in 
front of the slit so as to compensate for the unequal loss. 
Alternatively, a Nicol prism whose vibration axis is at 45° to 
the vertical or horizontal may similarly be introduced. In this 
case, only H cosM5 and V cos^45 and not the full intensities 
H and V are allowed to fall on the slit. It is easily seen that 
the ratio and hence q remains unaltered, whereas the direction 
of vibration in both images is brought to 45° with the vertical 
or the horizontal. Under such circumstances, both the images 
suffer the same loss on being transpiitted through the instrument. 
Yet another alternative is available and a specially constructed 
double image prism, so made that when the separation of the 
two rays is in the vertical position, the vibrations in the com- 
ponents are inclined to the vertical at 45° may be used for this 
purpose. The error is automatically eliminated in this case 
but the incident light should be arranged to fall on the tube at a 
suitable angle and the usual arrangement altered accordingly. 

(d) Lack of transversality in the incident beam . — It has 
already been pointed out in the earlier chapters that, when 
unpolarized incident light is used, the depolarization of the 
scattered light is a minimum in the transverse direction and 
goes on increasing on its either side with increasing obliquity 
till it becomes completely unpolarized in directions which are 
parallel to that of the propagation of the incident beam. Thus, 
it appears necessary that, in order to obtain experimentally the 
true depolarization in the transverse direction, one has to use a 
strictly parallel incident beam and make the observation at an 
angle of 90° with it. This arrangement is, however, impracticable 
in the case of Raman scattering and the alternative arrangement 
shown in Fig. 33 involves a lack of transversality for which a 
correction has to be made. This correction is somewhat of a 
varying magnitude, being largest for well-polarized lines and 
smallest for depolarized lines. An estimate of this is best made 
by taking a few standard liquids for which the depolarization 
values are obtained in respect of Rayleigh scattering with ideal 
arrangements and re-investigating them with the arrangements 
shown in Fig. 33. A curve showing the magnitude of this error 
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and its dependence on the initial depolarization may be drawn 
and utilized for applying the correction in an unknown case. 
The correction on this score usually ranges about 8% with a 
8-inch condenser and 6-inch mercury lamp and has to be sub- 
tracted from the values obtained. Attempts have also been 
made to avoid this correction by adopting a different method of 
illumination in which the condenser is replaced by a system 
of linear slits, thus avoiding angles but such an arrangement 
results in a very low efficiency. 

(e) Effect of slit width . — The width of the slit has a two-fold 
effect on the results. Excessively narrow slits introduce a 
polarization of their own in the light that gets through them 
and should therefore be avoided. The width of the slit also 
affects the width of the line under investigation. Since a 
partially polarized Raman line is always accompanied by 
rotational scattering as well, a broadened-out line will include in 
itself, part of the latter type of scattering which is depolarized to 
the limit. The result obtained will* be some intermediate value 
and is thus easily seen to depend on the slit width. This error 
becomes particularly important when we are working .with 
liquids, where the wings are not usually well separated from the 
Q branches and it is absolutely necessary to specify the width 
of the slit at which the work has been carried out. One has 
also to guard against the possibility of partially overlapping 
components of different states of polarization, giving mean 
values when wide slits are used. 

Edsall and Wilson ^ have described a simple and rapid 
method of qualitatively ascertaining the state of polarization of 
Raman lines using a Polaroid. The illumination in their 
arrangements is obtained from four vertical mercury lamps, 
equipped with parabolic reflectors which sorround the Raman 
tube. Between the Raman tube and the lamps is slipped a 
cylindrical Polaroid, so made that it transmits only light polarized 
with its electric vector parallel to the axis of the cylinder. Two 
exposures are made, using alternatively full intensity with the 


1 Jour. Chem. Phys., 5, 124 (1938). 
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Polaroid in position and diminished intensity with the Polaroid 
removed. Such a diminution in the incident intensity in the 
latter case is brought about in order to compensate for the 
absorption by the Polaroid. It is so arranged that the times of 
exposure in the two cases are more or less the same. Under 
these conditions, it is easily shown that the polarized Raman 
lines will decrease in intensity much more than the depolarized 
ones. If the relative intensities of illumination are so arranged 
that the depolarized Raman lines are of equal intensity in the 
two cases, the polarized ones will stand out very prominently by 
their feebler appearance in the exposure without the Polaroid. 
In this way, they have obtained results which are in satisfactory 
agreement with those obtained by employing the usual methods. 
These authors have also used a plane Polaroid disc as an ordinary 
polarizer in the incident beam and obtained similar results by 
taking two pictures by placing the axis of the Polaroid alternately 
vertical and horizontal. 

Technique for Determining the Intensities of Raman Lines . — 
Owing to the extreme feebleness of Raman lines, the problem of 
experimentally determining their intensities is beset with numer- 
ous difficulties. The main issues that arise under this section 
are dealt with serially below. 

The first problem relates to the determination of the 
absolute intensities of Raman lines, i.e., in relation to the exciting 
line. No accurate data are available with regard to the absolute 
intensities of Raman lines either in liquids or gases. In 
respect of liquids, there are wide divergences between the 
results of various authors, as may be seen from Tables XXVI, 
XXVII and XXVIII. In respect of gases, only estimates have 
been made by Bhagavantam. On account of the great disparity 
between the intensities of the Raman and the Rayleigh lines, a 
direct comparison is not possible by the rigorous methods of 
intensity measurements. Some intermediate standard has to 
be adopted to obtain reasonably accurate values and several 
alternative possibilities may be suggested for this purpose. The 
weaker Rayleigh lines such as the satellites of 24358 or 24077 
and 24108 accompanying 24046 will serve as intermediate 
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Standards, according as the former or the latter is used as the 
exciting radiation. The introduction of a narrow neutral strip, 
having a known absorption coefficient, just in front of the 
photographic plate in the region where the parent fine is recorded 
may be more satisfactory. In the case of hquids, these deter- 
minations are somewhat difficult of interpretation in view of the 
intense unresolved continuous spectrum that is usually present 
alongside the Rayleigh as well as vibrational Raman lines. 

The second problem relates to the determination of relative 
intensities of a set of Raman fines excited on the Stokes side 
by a given parent fine. This is not so difficult as the above, 
although great care has to be taken even here in comparing the 
intensities of fines having different depolarization factors and 
different structural properties. On account of the neglect of 
the latter factors, very divergent results have been reported 
in the literature in the past. 

The third relates to the determination of the relative 
intensities of Stokes and anti-Stokes Raman lines. In view of 
the importance of an experimental determination of this ratio, 
some care has been bestowed by Ornstein, Rekveld and Sirkar 
on this problem. The results of Sirkar have already been quoted. 
By restricting ourselves to substances in which the Raman shifts 
are not large, we can choose pairs of fines whose intensities are 
not very different and an accurate comparison can be effected 
with the usual methods. 

The fourth relates to the determination of the distribution 
of intensity either amongst the fine structure components of a 
vibrational line or within the fine itself when it has a breadth. 
There are no serious experimental difficulties in the way of this 
work, provided the fine structure components are all more or 
less similarly polarized and an instrument of sufficiently high 
dispersion, so as to eliminate overlapping, is used. 

Lastly, there is the question of verifying the Rayleigh fourth 
power law amongst the Raman fines which is the same thing 
as determining the influence of the exciting frequency on their 
intensities. As the characteristic frequency of the molecule is 
approached, we should expect a pronounced deviation from 
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the fourth power law and such deviations have been measured 
by a number of workers.^ 

The general method of measuring intensities is as follows. 
For a detailed consideration of the various errors involved and 
their discussion, reference must be made to standard i^vorks 
relating to photographic photometry. Only a brief description 
will be given here. Photographic plates which have a reasonably 
large and more or less uniform sensitivity in the region of 
investigation should be used. The densities obtained for the 
lines under comparison should be measured with some form of 
a microphotometer. On each plate, a set of calibration spectra 
should be recorded with the help of a step-filter or by the method 
of varying slit widths. The continuous radiation used for this 
purpose should be obtained from an emitter having a known 
energy distribution. In the method of varying slit widths, it is 
further necessary that the emitter should be fed by a steady 
current and be made to keep constant intensity. With the help 
of these calibration marks, it is possible to draw density curves 
for each wave-length. The intensities corresponding to any 
density are obtained from these curves. Inter-comparison of 
different wave-lengths is easily made because the distribution of 
energy in the source amongst the different wave-lengths is known. 
The exposure times necessary to obtain the Raman spectra 
and the calibration spectra should not differ very widely. 
Corrections should be made for any continuous background that 
might appear on the plate. 

Besides the above points which are common to all intensity 
measurements, some special features characteristic of the 
measurements in Raman effect may now be mentioned. The 
measured intensities of Raman lines should be corrected for the 
absorption in the body of the liquid contained in the Raman 
tube. The oblique refraction at the prism surfaces in a spectro- 
graph affects the aggregate intensities of differently polarized 
fines to different extents. A correction has to be applied on this 


1 Rekveld, Dissertation to the University of Utrecht (1931). 
Sirkar, Ind. Jour. Phys., 5 , 159, 593 and 663 (1930). 

M. Werth, Phys. Rev., 36 , 1096 (1930) and 39 , 299 (1932). 
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score. This correction is different for different methods of 
illumination. It ceases to . be of importance when we are 
comparing lines possessing the same depolarization factor.* 
The structure of the line and the sht width employed affect the 
results with regard to relative intensities. It is best to compare 
the peak intensities of lines having the same structure and the 
aggregate intensities of lines having different structures. These 
issues give rise to several errors, particularly in the case of Raman 
hues in liquids where they possess widely varying characters of 
breadth, fine structure and polarization. 

1 Veerabhadra Rao, Proc. Ind. Acad. Sci., 7, 208 (1938). 
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RAMAN EFFECT IN RELATION TO INORGANIC 
CHEMISTRY 

Nature of Valency . — Krishnamurti studied the Raman 
effect in a large number of halides and classified them into three 
groups as follows : — 

1. Those that show strong Raman lines, such as the 
chlorides of Hg(ous), Hg(ic), P, As, Sb, C, Si, Ti, Sn and 
hydrogen. 

2. Those that show faint Raman lines, such as Bids, 
ZnClz, Cdl2 and AuCh. 

3. Those that show no lines at all, such as the 
chlorides of Na,^ K, NH4, Ba, Ag, Cu(ic), Cd, Mg, 
Sn(ous), Th, as well as CdBra, PbL, KI, LiF, NaF, CaF2. 

It is obvious from this classification that the chlorides of 
the strongly electropositive elements do not show the Raman 
lines while the chlorides of the non-metals and metalloids show 
it very well. It is also known that the former type of compounds 
have a large electrical conductivity in the fused state whereas 
the latter have a comparatively low conductivity. These and 
other features enable us to distinguish between the two major 
types of chemical hnkages, namely, covalent and electrovalent. 
Wherever the linking is of a covalent type, the Raman lines 
appear with great intensity and the reverse is the case when 
linkages of an electrovalent type occur. The fact that the 
entire body of organic compounds, mostly characterized by 
covalent linkages, exhibit prominent Raman spectra may be 
taken as further evidence in support of the above conclusions. 

Such a close dependence of the intensity of the Raman 
lines on the chemical nature of the linkage is not very surprising, 
if we recall what has been said in the earlier chapters dealing 
with the theory of the Raman effect. The intensity of a Raman 


1 Sodium chloride exhibits a very weak band due to second order terms. 
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line is determined essentially by two factors, namely, the sym- 
metry of the molecule and the extent to which its polarizability 
is affected by the oscillation in question. If the polarizability 
of a molecule is either totally independent of or very insensitive 
to variations in the nuclear distances, as is likely to be the case 
when the electrons have definitely gone over from one nucleus 
to the other in molecule formation (electrovalent), nuclear 
oscillations will cause little or no alteration in the polarizability 
and will not consequently give rise to Raman lines. On the 
other hand, if the binding electrons remain common to the nuclei 
(covalent), the polarizability of the molecule will naturally be 
considerably affected by the positions of the nuclei and the 
nuclear oscillations will be accompanied by appreciable variations 
of the polarizabihty. They will consequently give rise to Raman 
lines. 

The force constants, calculated with the help of the Raman 
frequencies, for different types of carbon-carbon linkages are 
given below. 


Link 

Substance 

FxlO-® 

C = C 

C2H2 

14-0 

c = c 

C2H4 

10-8 

c— c 

QHe 

4.4 


It is very significant that the values in the three cases are quite 
distinct and are roughly in the ratio of 3 ; 2 : 1. This result, 
coupled with the fact already noted under diatomic molecules 
that the F values usually fall into three regions, suggests that the 
chemical classification of the bonds into triple, double and 
single ones is reflected here. The binding strength of a triple 
bond is about thrice and that of a double bond is about twice 
that of a single bond. This does not, however, imply that the 
chemical stability of these bonds is in this order. It is, in fact, 
known to be in the reverse order. 

Complex Compounds . — From what has been said in the 
foregoing, it is obvious that the Raman spectrum is characteristic 
of the molecular structure. Marked changes may therefore 
be expected to take place when a complex, consisting of one or 
more like or unlike molecules, is formed. Different names 
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such as polymerization, co-ordination, dipole association, etc., 
have been given to such phenomena and these are intended to 
convey that the mechanism of the complex formation may be 
different in different cases. The formation of a distinctly 
different chemical structure as in SjOe 2SO3 or in N2O4 ^ 
2NO2, etc., may be regarded as coming under the class of poly- 
merization. The Raman spectrum of sulphur trioxide at the 
room temperature has been found to exhibit, besides others, nine 
prominent Raman frequencies, namely 290, 370, 534, 666, 697, 
1068, 1271, 1403 and 1489. On heating to about 100°C., three 
of these frequencies, namely 534, 1068 and 1403 are found to 
get relatively brighter and these are attributed to SO3. The 
phenomenon is perfectly reversible and may be utilized for 
making a quantitative study of the relative proportions of the 
two structures. The case of N2O4 2NO2 is, however, not so 
straightforward as NO2 is a highly coloured substance. The 
interesting series of polymers of methyl esters of sihcic acid 
have been studied by Weiler. The association of the hydroxyl 
group of one molecule with the hydroxyl group of another 
through a co-ordinate link, as per the scheme given below, may 
be regarded as a typical example of co-ordination. 

R 

I 

R— O— H^O— H. 

The case of water, in which some of the Raman bands have 
been attributed to (H20)2 and (H20)3 molecules, is probably 
an example of this type of complex formation. Many other 
complexes which are known to be of a co-ordination type and 
others which are of a doubtful nature have been investigated. 
Amongst those studied are copper, zinc and cadmium ammonium 
complexes, some complex cyanides, K2HgCl4, KCdCh, molyb- 
dates, tungstates, etc. Dipole association is only a type of 
loose adherence of dipole molecules and usually does not result 
in the appearance of new Raman hnes. The existing Raman 
lines are, however, shifted or broadened very considerably. The 
considerable breadth of the Raman hnes in hquid ammonia and 
water may be attributed, at least in part, to this type of 
association. 
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Mixed Molecules and Mixed Crystals . — ^As has already 
been pointed out, the Raman spectrum method is very wei 
suited for' a study of the formation of new complexes as this is 
usually accompanied by the appearance of new lines. A study 
of the intensities of these new lines and the determination of 
the concentration at which the intensities are a maximum will 
throw light on the constitution of the mixed molecules. Several 
very interesting cases of mixed molecule formation have been 
studied by Trumpy,^ Burkard^ and others. In mixtures of 
SnCh and SnBr^, Trumpy observed new lines at different con- 
centrations which may be ascribed respectively to SnChBr, 
SnCl2Br2 and SnClBrs. Similarly, with mixtures containing 
two parts of PCI3 and one part of PBrs, and two parts of PBrg 
and one part of PCI3, he detected the presence of PChBr and 
PClBr2 respectively. Burkard made a more extensive study of 
these mixtures and the intensity variations of their Raman lines. 
He found that the strongest line that can be attributed to the 
mixed molecule PClBr2 is at about 240 and has a maximum 
intensity in the mixture SPCls+bPBra as may be expected. He 
also noticed marked shifts in the lines of the pure molecules 
themselves. 

Mixed crystals of p-dichlorobenzene and p-dibromobenzene 
of varying compositions have been studied by Vuks ® and Sirkar 
and Bishui.^ The results obtained by these authors are not ia 
agreement with one another and hence a detailed discussion will 
not be attempted here. Vuks observed a progressive alteration 
of the frequencies from one set to the other as the composition 
changes whereas the lattdr authors contradicted this statement. 

Isotopes . — ^The substitution of an isotopic atom instead of 
the original one in a molecule alters both the symmetry of the 
molecule and the effective mass. The former affects the selection 
rules, degeneracy and polarization factors whereas the latter 
alters the magnitudes of the characteristic frequencies. Both 


^ Z. f. Phys., 66 , 790 (1930) and 68 , 675 (1931). 
2 Z. f. Phys. Chem. (B), 30 , 298 (1935). 

® Acta. Phys. Chem. U.R.S.S., 6 , 327 (1937). 
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these consequences are manifested in the Raman spectrum and 
offer a wide field for investigation. Amongst the isotopes that 
have so far been studied from this point of view are those of 
hydrogen, carbon and chlorine. A few typical cases will be 
dealt with here. The Raman spectra of the isotopic molecules 
Ha, HD and D 2 have been investigated very completely. The 
phenomenon of alternating intensities in the rotational Raman 
spectra is observed in the symmetrical molecules of H. and D 2 
but is altogether absent in HD as may be expected. The 
substitution of D for one of the hydrogens destroys the symmetry. 
Their vibrational frequencies 4156, 3631 and 2992 are respec- 
tively in the ratio of Some of the compounds, 

obtained by substituting deuterium for hydrogen in benzene, 
have been studied. These results are of particular help in 
interpreting the spectrum of benzene in relation to its constitu- 
tion. The seven Raman active normal frequencies of CeHe and 
CeDe are shown below. 

CeHe : 606 849 992 1178 1585—1606 3047 3062 

CeDe : 581 669 945 873 1548 2266 2293 

Quite a large number of other organic compounds in which 
deuterium has taken the place of hydrogen have also yielded very 
valuable results. 

The Raman spectrum of CCI4 has been studied by Langseth^ 
and others in great detail from the point of view of chlorine 
isotopes. The five different molecules that are possible, their 
relative abundances and their symmetries are given in Table LII, 

Table LII 


Isotopic Constitution of CCh Molecule 


Molecule 

Point group 

Number of 
Raman lines 
expected 

% abundance 

CCl 4*5 


4 

33-5 

CCI 335 C137 

Csu 

6 

42-2 

CCls^S C 122 ’’ 

C20 

9 

19*8 

CC 135 CI337 

Csu 

6 

4-2 

CCI437 


4 

1 

0-3 


Z. f. Phys., 72, 350 (1931). 
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on the assumption that CP® and CP^ occur in the ratio of 
3-185 : 1 . 

The last two varieties are in such small proportions that 
we may not expect to record, ordinarily, the Raman lines due to 
them. The spectrum obtained with CCh should therefore be a 
superposition of the results to be expected of the first three 
varieties. Table LIII contains the results of calculations recently 
carried out by Wu and Sutherland^ along with the observations 
of Langseth. The letters given under CClp® have the same 
significance as in the character Table for tetrahedral molecules. 
Numbers in brackets represent degeneracies. 

Table LIE 


Isotopic Components in the Raman Spectrum of CCk 


ccu^® 

CCI 335 CI 37 

CClgSS cigS? 

Calculated cm.~i 

Observed cm.-i 

(Ai).'i (1) 

n' (1) 

n" (1) 

v^-v\=v\-v'\ = 3-lS 


(E)»2 (2) 

>' 2 ' (2) 

4(1) 

(1) 

’'2-4 = ’'2-’'26 = 2-91 
P 2 —P 2 ' = 1*46 

Doublet with a spacing of 

(F2>i (3) 

’'Zab (2) 
''So (1) 

"la (1) 

4(1) 

""s (1) 

Complicated by the fact of 
its being a doublet 

Unresolved 

(F2).'4(3) 

''iab(2) 

4(1) 

4 (1) 

(1) 

4(1) 

Six components at distances 
1-5, 0-5, 0-9, 1*3 and 1-2 

Doublet with a spacing of 
2-93 


Although the observed results are not apparently in entire 
agreement with the theory, Wu and Sutherland have shown, from 
a detailed consideration of both, that better agreement could 
not have been obtained under the conditions that prevailed in 
Langseth s work. An investigation under much higher dis- 
persion than has been used by Langseth is obviously desirable. 
In a similar manner, a variety of other compounds may be 
studied and very valuable information obtained particularly 


1 Jour. Chem. Phys., 6 , 114 (1938). 
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regarding the fine strueture of vibrational lines where -it is due 
to the isotopic constitution of the molecule. A study of the 
carbon isotope has been pursued in benzene and several other 
organic compounds. The principal line at 992 in benzene due 
to a symmetric expansion of the hexagonal ring has a com- 
panion at 984 which may now be definitely attributed to the 
He molecule. 

Water of Crystallization .— and Ananthakrishnan ^ 
have made a systematic study of the Raman spectra of several 
crystals containing water of crystallization. Their results are 
summarized in Table LIV. 

Table LIV 


Raman Bands due to Water of Crystallization 


Crystal 

Frequencies 

Remarks 

LiS 04 .H 20 

3438 


Na 2 SO 4 . 10 HaO 

3438 

• • * * 

A1.K(S04)2 . 12 H 2 O 

3384 

.... 

MgSO 4 . 10 H 2 O .. 

3227 3445 


CdS 04 . 4 H 20 

3423 


CaS04 . 2 H 2 O 

3404 3497 

Fairly sharp 

CUSO 4 . 5 H 2 O 

3221 3377 3494 

Nisi 

3X11 Obd) 3367 (2bd) 3470 {Ibd) 

Ananthakrishnan 

N 3 . 2 S 2 O 3 . 5 H 2 O . . 

3337(?) 3414 

.... 

C 4 H 4 O 6 K.Na. 4 H 2 O 

3303 3405 

.... 

Mg(N 03)2 . 6 H 2 O .. 

3250(1^) 3370(4^^0 3495(3bd) 3590(5b) 

Central two merge 
into each other 

Ca(N03)2 . 4 H 2 O . . 

3256 (16) 3500 (36^0 3600 (26) 

Broad and merging 
into each other 

Cd(N03)2 . 4HoO . . 

Similar to above 

Do. 

Cu(N03)2 . 3 H 2 O . . 

3150 (i) 3338 (2) 3503 (2) 3570 (1) 

Fairly sharp lines 

Ce(N03)3 . 6 H 2 O . . 

3257 3400 3152 

Last two are not well 
resolved 

Bi (N03)3 . 5 H 2 O . . 

3170-3430 3467 (26) 3557(36) 

First is a very broad 
band 

SrCla . 6 H 2 O 

3217(1) 3284 (P 3363 (2) 3433(106) 

Last one is very in- 
tense 

MgCIa . 6 H 2 O 

1600(06) 3173 (16) 3338(106) 3395(66) 
3512 (106) 

An additional dififuse 
band besides these 
two 

MnCla . 4 H 2 O 

3312(26) 3395(26) 

Na3V04 . 12 H 2 O . . 

3150-3467 3636 

— 

Na3P04 . 12 H 2 O . . 

Similar to above 

One broad band 

NaaCOg . lOHoO . . 

3150-3600 

Na2B407 . IOH 3 O . . 

3172(2) 3312(2) 3432(46) 3500 (1) 

3535 (i) 3580 (4«) 

Fairly sharp lines 


^ Jap. Jour. Phys., 7, 1 (1931). 

2 Proc. lad. Acad. Sci., 5 , 446 (1937). 
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The” following results of these authors in respect of bands 
due to water of crystallization may be noted. The character 
and the number of the bands vary very considerably from 
substance to substance, as may be seen from the Table. In 
certain cases like Na2B407 . IOH2O and Cu(N03)2 . SHgO, the 
bands are fairly sharp and well separated. In certain other 
cases, the entire Raman radiation consists of very broad bands 
which can hardly be resolved from each other. The intensities 
also vary from substance to substance, the chlorides of calcium, 
strontium and magnesium showing particularly intense bands. 

The relative intensities of the bands given by gypsum show 
striking variations with varying directions of observation and 
illumination. Some results in this direction have been obtained 
by Schaefer, Matossi and Aderhold A satisfactory interpreta- 
tion of such amazing variations is at present very difficult and 
the subject offers much scope for further work. 

1 Z. f. Phys., 65 , 319 (1930). 




Chapter XVII 


RAMAN EFFECT IN RELATION TO PHYSICAL 

CHEMISTRY 

Nature of the Liquid State . — Certain aspects of Raman effect 
have thrown considerable light on important problems in physical 
chemistry. As the foremost amongst these, we shall now con- 
sider the nature of the liquid state. We have already treated in 
detail, the consequences of the molecule exchanging rotational 
or vibrational energy with the light quantum but the case of 
translational energy has only been briefly mentioned in connec- 
tion with the fine structure of Rayleigh lines. If we are dealing 
with gaseous molecules, it is quite easy to see that the Rayleigh 
scattering, which has to be regarded as being emitted by moving 
instead of stationary centres, will be spread out in accordance 
with the simple Maxwellian distribution of velocities. The 
broadening will depend on the direction of observation, being 
zero in the direction of the incident rays and maximum in the 
opposite direction. The other extreme is that of a soUd and this 



Fig. 34. 
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was first dealt with by Brillouin on the basis of the Einstein 
theory of scattering by dense media. If we disregard the 
molecular structure and replace the sohd by a homogeneous 
elastic continuum, the translatory motions may all be resolved 
into a system of sound waves traversing the solid in all directions. 
There will be selective reflection as shown in Fig. 34. The 

6 

velocity v of the sound wave may be resolved into v sin ^ along 

6 

the direction of observation and v cos | in a direction perpendi- 
cular thereto. The former causes a doppler shift such that 


7 

V 


c—v sin ^ 

g 5 

c-^v sin ^ 


or V 


= 2 ' 


. e 

V sin^- 


If we have a wave receding backwards also we get 


V • S 
dv = + 2 - . v sin « . 
~ c 2 


( 1 ) 


Equation (1) tells us that the scattered light should merely 
consist of two displaced components, the displacement depending 
upon the velocity of sound in the medium and the angle of 
scattering. It has not been hitherto possible to put these simple 
theories to an extensive test in either the gases or solids^ but a 
very vast amount of experimental work has been done with 
liquids. Gross was the first to pubhsh a series of results on the 
fine structure of the Rayleigh line. He was followed by several 
investigators who used different high resolving power instru- 
ments and the subject received considerable attention in recent 
years. Using specially made mercury arcs and a Fabry-Perot 
Etalon, Raman and Raghavendra Rao have tackled the problem 
systematically and their results will be brieffy noted here. 


^ The results to be expected in the case of crystals are more complicated. 
There are three different sound velocities associated with a given direction in a 
crystal and we should accordingly expect six Brillouin components in general. 
Raman and Yenkates\varan [Nature, 142 , 250 (1938)] have recently succeeded 
in recording and reproducing these components in gypsum. 
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The Brillouin components have been recorded in a large 
number of liquids. The dependence of the shifts, on the angle 
of scattering and on the frequency of the incident radiation, has 
been found to be in complete accordance with that predicted 
by the Brillouin formula (1). Besides the Brillouin components, 
a central component which is distinctly brighter than the two 
displaced components has been recorded in all the liquids 
studied. In certain liquids such as CCh, the central component 
is relatively much brighter than the outer ones whereas in liquids 
Uke toluene, the disparity is not so striking although the central 
one is still the brighter of the three. The effect of increasing 
the temperature is to make the Brillouin components fainter 
and broader while the central component gets brighter. The 
Brillouin components tend to merge into the centre. A diminu- 
tion of the temperature has the reverse effect. The two Brillouin 
components are found to be completely polarized in transverse 
scattering. The central component is also practically completely 
polarized in non-polar liquids. In liquids composed of highly 
optically anisotropic molecules, there is a strong continuous 
background in the region of these components. In strongly 
associating liquids hke formic and acetic acids, the central 
component shows an appreciable depolarization. In viscous 
liquids, the Brillouin components are somewhat faint. On 
heating, the viscosity becomes less and the components gather 
strength. 

The interpretation of these results, in the light of the Brillouin 
theory, is closely connected with the nature of the liquid state. 
The presence of the outer components lends support to the idea 
that the translational energy may be replaced by a system of 
sound waves not only in a solid but also in a Uquid. The 
presence of the central component also, in liquids, gives further 
information as it is not to be expected in a case where all the 
thermal energy (excluding that due to internal degrees of freedom) 
is in the form of sound waves. It should be explained by 
postulating that a portion of the movements are of the random 
type as in a gas. That the central conqionent is always brighter 
may be connected with the well-known result that gaseous 
Rayleigh scattering is always much brighter, molecule per 
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molecule, than the corresponding scattering from either liquids 
or solids. The variations in the relative intensities of the 
central and the outer components from liquid to liquid may be 
taken to furnish a rough idea as to how the thermal energy is 
apportioned between the two types in each liquid. That the 
Brillouin components get fainter and broader and gradually 
merge into the centre with increasing temperature is also to be 
expected on the above picture. The complete polarization of 
the central as well as the Brillouin components indicates that they 
consist entirely of the isotropic scattering. The question as to 
where the anisotropic scattering is located then naturally arises. 
There appears to be no definite answer available to this question 
from the existing data. 

The prominent continuous background observed in this 
region with highly anisotropic molecules is undoubtedly to be 
identified with the anisotropic scattering but such an identifica- 
tion leads to the surprising result that the anisotropic scattering 
is present even in regions which are so close as a fraction of a 
wave number to the centre. The appreciable depolarization of 
the central component observed in strongly associating liquids 
suggests the presence of large groups which are practically 
unable to rotate in such liquids. The feebleness of Brillouin 
components in viscous liquids is presumably due to the fact 
that the sound waves, though present, are quickly damped out 
and do not extend over ranges sufficiently long as to cause 
regular reflection. The effect of increasing temperature and 
diminishing viscosity on this result is obvious. We thus get an 
intimate picture of the relationship of the liquid state to the 
gaseous state on the one hand and the solid state on the other. 
An important feature, namely, the presence of both types of 
thermal energy — one in which it is organized in the manner of 
sound waves and the other in which it is akin to a random type 
— ordinarily characterizes the liquid state. Complications such 
as viscosity may affect the extent of these sound waves and the 
consequences have to be taken into account before interpreting 
the results. All the above work is mostly of a quahtative nature. 
Quantitative measurements of intensity of the various com- 
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ponents under different physical conditions promises to be of 
great value. 

Landau and Placzek" have recently concluded that the ratio 
of the intensity of the two displaced components together to 
that of the aggregate Rayleigh scattering should be 
It follows from this that the intensities of the three compon^ts 

c c 

should be in the proportion Birus^ has 

made a preliminary study of this problem and obtained results, 
in a few cases, which show a fair agreement with the above 
conclusion. It is interesting to note that in the case of water 
for which and C„ are very nearly equal, the central component 
is barely detectable. This relation is easily derived in the 
following manner. The total intensity Liq. of the density 
scattering in a liquid medium is proportional to its isothermal 
compressibility . We therefore have 

If we now connect the Brillouin components with the adiabatic 
compressibility alone by extending the sound wave idea and 

the central component with the rest, the ratio of both the outer 
components put together to the centre should be 

Since the compressibilities and are proportional to the 

specific heats C„ and Cp respectively, we see that the intensities 

C C 

of the three components should have the ratio : Cp—C^: . 

Closely connected with this phenomenon is the appearance 
of unresolved wings on either side of the Rayleigh line in hquids. 
Much work has also been done in this connection by Rousset, 
Rao and others. The principal experimental results are as 
follows. In all the liquids studied, the intensity of the rotation 
wing is a maximum at or very near the centre and falls off 
somewhat rapidly in the beginning but only gradually at larger 
distances. In all these respects, the phenomenon in liquids 
differs markedly from that in gases and from the predictions of 

^ Physikal. Z. d. Sowjetunion, 5, 172 (1934). 

2 Physikal. Z., 39, 80 (1938). 
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the existing theories when applied to liquids. The wing extends 
much further than can be accounted for on the hypothesis of the 
rotating molecule exchanging energy with the light quantum. 
No appreciable changes take place in the distribution of intensity 
within the wing, even when the liquids are heated to the vicinity 
of their boiling points. The interpretation of these results is 
somewhat complicated on account of the difference of opinion 
that exists in regard to the origin of these wings. 

Specific Heats in Relation to Raman Effect Data . — ^The 
unresolved wings obtained in liquids alongside the Rayleigh 
lines are replaced by broad bands when the Raman spectra of 
such substances are studied in the solid state. This striking 
observation, first made by Gross and Vuks in a few typical cases, 
was soon extended to a number of organic substances. On 
the other hand, the lattice oscillations that are observed in 
inorganic crystals such as NaNOs, etc., are replaced by continuous 
wings, which are exactly similar to those that occur in liquids at 
ordinary temperature, when the crystals are melted. The nature 
and origin of these broad bands in the solid state, their relation- 
ship to the unresolved wings obtained with the same substance 
above its melting point and the exact mechanism by which the 
transition from the separate bands to a continuum takes place 
are not very clear and have been the subject of some discussion. 
It is, however, obvious that they are in some way related to the 
solid state and, being frequencies actually observed, should 
enter into the calculation of that part of the specific heat of the 
substance which arises from the translational and rotational 
degrees of freedom. On the other hand, the vibrational Raman 
frequencies will contribute to the other part of the specific 
heat arising from the internal degrees of freedom. 

Since the discovery of the Raman effect, various attempts 
have been made to utilize the observed Raman frequencies for 
the purpose of explaining the specific heats of substances. The 
procedure is quite straightforward in the case of gases and 
vapours and a large number of examples have been worked out 
by Fowler’^. Apphcation to liquids is somewhat complicated 


^ Statistical Mechanics, 2nd Edn. (1936). 
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and mention may be made here of the work of Andrews and 
Southard,^ Paramasivan® and Bhagavantam® in this connection. 
The subject may be broadly divided into two distinct parts : one 
relating to the specific heats at low temperatures and the other 
to the specific heats at the room temperatures. In the former 
case, the major part of the specific heat is explained with the 
help of the Debye theory and the investigation should therefore 
proceed on the lines of ascertaining the exact relationship, if 
any, between the Debye elastic spectrum and the low frequency 
oscillations recorded in the Raman scattering by solids and 
referred to above. Much progress has not been made in this 
direction. On the other hand, at comparatively high tempera- 
tures, all Debye functions based on low frequencies reach their 
limiting values and therefore the exact frequencies on which 
they are based are not of much significance. The contribution, 
from internal frequencies, however, becomes appreciable at these 
temperatures and a full knowledge of these is necessary to predict 
the specific heat and its variation with temperature. Results 
of such calculations made in benzene, carbon tetrachloride 
and carbon disulphide are given below. 

The contribution to specific heat on account of the six 
degrees of freedom (3 translational and 3 rotational) is taken 

as 6RD at T where 0 = 150 in benzene. The exact rela- 
tionship between the Debye limit corresponding to 0 = 150 
and the observed low frequency Raman lines in solid benzene 
is not clear. Good reasons for the choice of this value are, 
however, given by Lord, Ahlberg and Andrews^. As has already 
been mentioned, its exact value is not of much significance 
when we are dealing with comparatively high temperatures. 
The internal frequencies of the benzene molecule are assumed 
to be 406(2), 538(1), 606-4(2), 670(1), 849-7(2), 992-6(1), 1008(1), 
1025(2), 1145(1), 1160(2), 1176-0(2), 1190(1), 1477(2), 1520(1), 
1595(2), 1854(1), 3048-3(2), 3061-5(1), 3063(1), 3077(2). The 

1 Phys. Rev., 35 , 670 (1930). 

2 Ind. Jour. Phys., 6 , 413 (1931). 

3 Proc. Ind. Acad. Sci., 7, 245 (1938). 

^ Jour. Chem. Phys., 5, 649 (1937). 
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number in the bracket in each case represents the degeneracy of 
the corresponding oscillation and the total number of degrees of 
freedom comes out as 30 as it ought to. To each of these is 
assigned an Einstein function, and the aggregate specific heat is 
calculated alternatively in accordance with (2) and (3) which 
respectively give the specific heats of solid and vapour benzene. 

C.= 6Rd(|)+‘^°Re(^) . .. (2) 

C, = 3R+ 2 RE (^) (3). 

In the case of CS2 and CCI4, we shall assume similar equa- 
tions. The first term of (2) may be put equal to 12 calories in 
CCI4. In CS2, it should be taken as 10 calories, as out of a total 
of 9 degrees of freedom, only 5 are taken over by the lattice, 
the other 4 being internal. The vibrational frequencies in these 
cases and their degeneracies are given below. 

CCI 4 : 217(3), 313(2), 459(1), 777(3). 

CS 2 : 397(2), 655(1), 1523(1). 


Table LV 

Specific heat of Liquid Benzene at Constant Volume 


Temperature °C. 

Contribu- 
tion of 
the lattice 

Contribu- 
tion of 
internal 
frequen- 
cies 

Total 
calc, as 
if it were 
a solid 

Total 
calc, as 
if it were 
a gas 

1 Observed 
Mills and 
McRae 

Observed 

Williams 

and 

Daniels t 

0 

11-72 

9-68 

21-40 

15-68 

21-15 


20 

11*76 

11-01 

22-77 

17-01 

22-09 

21-57 

40 

11-78 

12-44 

24-22 

18-44 

23-00 

23-13 

60 

11-80 

13-83 

25-63 

19-83 

24-06 

25-22 

90 

(vapour) 


16-0 


22-0 

23 -4 1 

•• 


* Jour. Phys. Chem., 14, 797 (1910) and 15, 54 (1911). 
t Jour. Amer. Chem. Soc., 46, 903 (1924). 

t Observed Cj, is taken from I.C.T. and Cv obtained therefrom by sub- 
tracting 2 calories. 
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Table LVI 

Specific heat of Liquid CCh at Constant Volume 


Temperature °C. 

Contribu- 
tion of 
the lattice 

Contribu- 
tion of 
internal 
frequen- 
cies 

Total 
calc, as 
if it were 
a solid 

Total 
calc, as 
if it were 
a gas 

Observed 

Mills and McRae * 
and Williams and 
Daniels t 

0 

12 

11*53 

23*53 

17*53 

21*24 

20 

12 

12*05 

24*05 

18*05 

21*50 

40 

12 

12*52 

24*52 

18*52 

21*69 

60 

12 

12*94 

24*94 

18*94 

22*41 

80 

1 

12 

13*32 

25*32 

19-32 

22*82 


* Jour. Phys. Chem., 14, 797 (1910) and 15, 54 (1911). 
t Jour. Amer. Chem. Soc., 46, 903 (1924). 


Table LVII 

Specific heat of Liquid CS2 at Constant Volume 


Temperature °C. 

Contribu- 
tion of the 
lattice • 

Contribution 
of internal 
frequencies 

1 

i Total calc. | 
as if it 

were a solid ] 

Total calc. 

as if it 
were a gas 

Observed 
Regnault * 

0 

10 

1 

3*64 

13*64 

8*64 

11*70 

20 

10 

3*89 

13*89 

8*89 

11*70 

40 

10 

4*12 

14*12 

9-12 

11*77 

97 

(vapour) 


4*66 


9*66 

9*95t 


* Mem. de L' Acad., 26, 262 (1862). 

t Cp is taken from I.C.T. and C» obtained therefrom by subtracting 2 
calories. 

In the above Tables, the observed values of C„ for benzene 
are obtained from the work of Mills and McRae and Williams 
and Daniels. These authors have given at different tempera- 
tures and Cp is calculated therefrom by reducing it in the ratio 
of the adiabatic and isothermal compressibilities as determined 
by Tyrer. The following features of the results may be noted. 
The agreement, between the calculated and the observed specific 
heats, is very satisfactory in the case of benzene and CS2 vapours. 
The specific heat observed in the vapour state is less than that 
obtained in the liquid. In all the three cases, the observed 
18 
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specific heats for the liquid state at all temperatures lie between 
those calculated on. the one hand, by treating the liquid as a 
solid and on the other, by treating it as a gas. In the case of 
benzene, the observed values are much closer to the solid 
values than in the other two cases where they are midway between 
the two sets of calculated values. 

These results may be interpreted as follows. The thermal 
motion of liquid molecules, which goes to make up its heat 
content, is neither wholly disorganized in the form of random 
movements as in a gas nor wholly organized in the form of 
elastic waves as in the case of a solid. This important conclusion 
regarding the nature of the liquid state has already been indicated 
in the earlier section. 

Change of State and Dipole Moments. — ^Tables LVIII and 
LIX contain the Raman frequencies in a few cases which have 
been studied in different states of aggregation. Only the 
prominent frequencies are included in the case of polyatomic 
molecules. 

Table LVIH 


Dependence of Raman Frequencies on the Nature of 
Aggregation : Non-polar Molecules 



It is very clear that the variations are none at all or very 
insignificant amongst the substances contained in Table LVIII, 
whereas the variations in Table LIX are quite prominent in 
several cases. The obvious conclusion to be drawn is that 
when polar molecules are more closely packed, their internal 
frequencies are affected. With the exception of HCN, the 
frequency in the liquid state is always less than that obtained 
in the gaseous state. Braune and Engelbrecht ^ have suggested 


1 Z. f. Phys. Chem. (B), 19 , 303 (1932). 
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that the percentage differences in the frequencies in the vapour 
and the liquid states are approximately a linear function of the 
dipole moment. 

Transition from crystalline to amorphous state is another 
case of great interest and it is well illustrated by the example 
of quartz. There is a general correspondence between the 
Raman spectra obtained in crystalline quartz and the fused 
variety but the lines in the latter are somewhat diffuse. It is a 
common feature of all amorphous substances that they exhibit 
broad and diffuse bands. A large number of glasses of varying 
compositions have been examined and found to exhibit only 
weak and diffuse bands. 

Polymorphous Crystals . — Raman spectra of different modi- 
fications of crystals are studied in a few cases. We may expect 
the low frequency oscillations to undergo appreciable alterations 
as they are most sensitive to any changes that may be produced 
either in the lattice or in the freedom of movement possessed by 
the molecules within the lattice. The results are given in 
Table LX. 

Data for the chloro- and bromo benzenes are from Sirkar 
and Gupta ^ and for sulphur and calcite from Venkateswaran^ 
and Bhagavantam ® respectively. With the help of X-rays, 
Sirkar has shown that the alterations produced in ^-dichloro- 
benzene are not accompanied by any marked changes in the 
lattice. The oscillations of sulphur do not show any prominent 
changes as we go from the rhombic variety to the monoclinic. 
This is probably to be ascribed to the fact that with the exception 
of the lowest, they are all internal frequencies of the Ss molecule. 
In the case of calcite and aragonite, marked changes occur both 
in the positions and the relative intensities of the lattice oscilla- 
tions. This is in accordance with what may be expected as the 
lattice itself is changed from one symmetry type to another. 

Electrolytic Dissociation . — One of the most fruitful appli- 
cations of Raman effect has been the determination, with its 

1 Ind. Jour. Phys., 10 , 473 (1937). 

2 Proc. Ind. Acad. Sci., 4 , 345 (1937). 

Z. Krist., 77, 43 (1931). 
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Table LX 


Raman Lines in Different Modifications of Crystals 


Substance 

Temperature 

°C. 

Conditions of expt 
or 

crystal symmetry 

Frequencies 

1 

Remarks 


45 

Melted and gradually 

40 (2) 50 (2) 82 {2bd) 




cooled to 45°C. 


p-dichlorobenzene 

32 

Do. 32°C. 

40 ( 2 ) 50 (2) 82 Qbd) 

.... 


32 

Above mass once 

46(2) 50(2) 91 {2d) 




cooled in ice 


jj'dichlorobenzene 

-180 

Solid kept in liquid 

55 (2) 60 (2) 105 (2,s) 




air 



32 

Melted, solidified 

36-0 (3) 93 (2^) 




and cooled to 32°C. 


p-dibromobenzene 

-40 

Solid kept in liquid 

37-5 (3) 95 (2i7) 

.... 



, ammonia 




-180 

Do. air 

42(3) 104(25) 



25 

Orthorhombic 

88,114, 152,185,216,243, 


Sulphur 

110 

i 

Monoclinic ; 

434, 468 

80, — , 152, — , 216, — , 

No striking 




—,470 

variations 

Calcite 

30 

Hexagonal 

156 (5) 283 (10) 

There are small 





changes in some 
of the internal 
frequencies 

Aragonite 

30 

Orthorhombic 

113(2), 154(10^,182(2), 

Principal line of 



208 (5), 246 (1), 261(1) 

CO 3 remains 
constant 



help, of the degree of dissociation of certain substances such 
as nitric acid, sulphuric acid, etc., in aqueous solutions of different 
concentrations. If we take a molecule like HNO3, it is clear 
that the Raman spectrum of the molecule as such will be different 
from the Raman spectrum obtained from a NO3 ion. If the 
Raman spectra of aqueous solutions of HNO3 are obtained at 
different concentrations, after allowing for the dilution, the 
variations in intensity of any prominent ’line characteristic of 
either the HNO3 molecule or the NO3 ion may be utilized for 
obtaining the rate at which the concentration of the NO3 ions 
is progressively increasing with increasing dilution. The strong 
line at about 1050 due to the NO 3 ion has been chosen by Rao ^ 


^ Proc. Roy. Soc., 127 , 279 (1930). 
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for this purpose and he obtained the results shown in Figs. 35 
and 36. 



Fig. 35. 


Fig. 35 contains the microphotometric records of the Raman 
spectra of aqueous solutions of nitric acid. The concentration 
of the acid decreases as we proceed from curve number 1 to 
curve number 7. The maxima, marked by the downward arrow, 
correspond to the undissociated HNO3 molecule. Those 
denoted by the upward arrow correspond to the NO3 ions. 
Fig. 36 shows the relation between the concentration of nitric 
acid and the degree of dissociation. Curves 1, 2 and 3 in this 
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Fig. 36. 

figure are obtained respectively from the viscosity-conductivity 
formula, Kohlrausch’s conductivity formula and intensity mea- 
surements of the Raman line at 1050 due to the NO 3 ion. The 
departures between the results obtained with the help of the 
viscosity-conductivity data and Kohlrausch’s conductivity for- 
mula and those obtained from Raman effect are ascribed by 
Rao to the inapplicability of standard methods to meamre the 
true degree of dissociation even at moderate concentrations. 

Similar investigations on aqueous solutions of sulphuric 
acid by Woodard and Woodward and Horner have shown that 
in such solutions, H2SO4 ionizes into HSO4 and SO4 ions whose 
concentration increases progressively with dilution. They had 
chosen 908, 1048 and 982 as the typical lines arising respectively 
from H2SO4, HSO; and SO" and their curves are shown in 
Fig. 37 . In this figure, these typical lines are respectively 
represented by the letters C, F and E. The production of HSO4 
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The next case of some interest is that of H2SO3 and this has 
been studied by Fadda/ Nisi ^ and others. Besides the detection 
of the HSO3 ion, one of the most interesting observations made in 
this case is the recording of lines due to free SO2. A large 
amount of SO2 appears to be present as dissolved gas in water. 
Aqueous solutions of many other acids, such as HCl, H2F2, 
iodic acid, perchloric acid, phosphoric and phosphorus acids, 
selenic acid, selenious acid, have been studied with similar results. 
Amongst the more important and well-established results, the 
following may be noted. In the case of HCl solutions, no 
Raman lines are recorded and we have to conclude that there 
is complete ionization. Aqueous solutions of H3PO4 ionize into 
H2PO4 ions first and then into HPO4 ions later. On further 
dilution, PO4 ions are produced. Solutions of selenic acid 
ionize into HSe04 ions and the latter ionize on further dilution 
into Se04 ions. The second stage begins only at 50 % and is 
not very appreciable even at 7 * 5 % dilution. Selenious acid is 
found to behave in a more normal manner when compared with 
sulphurous acid and dissociates into SeOs ions to a small extent. 
Iodic acid is found to ionize progressively and the ionization is 
accompanied by a polymerization of IO3 into I2O6. 

Hydrolysis . — The problem of hydrolysis is quite similar 
to the case of electrolytic dissociation. If a salt, which possesses 
a Raman spectrum different from either the base or the acid, 
is hydrolyzed by the addition of water, it is easily seen that 
by measuring the relative intensities of a set of lines characteristic 
of either the base, the salt or the acid, the degree of hydrolysis 
can be estimated. Practical considerations Hmit, however, the 
applicability of such investigations to cases where the extent 
of hydrolysis is fairly large. 

Krishnamurti ® has shown that the Raman spectra of 
aqueous solutions containing hydrochlorides of weak bases 
such as urea and hexamine show certain lines characteristic of 
the base in addition to those of the hydrochloride. These are 


^ Nuovo Cimento, P, 168 (1932). 
2 Jap. Jour. Phys., 6 , 1 (1930). 

^ Ind. Jour. Phys., (5, 345 (193i). 
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attributed to the formation of the base by hydrolysis. The 
relative intensities of these two sets of lines give an idea of the 
degree of hydrolysis. In this way, he found that urea hydro- 
chloride is not appreciably hydrolyzed in a 4N solution. The 
hydrolysis becomes appreciable in a 2N solution and much 
more so in a normal solution. He also concluded that the 
hexamine base is only about one-third as strong as the urea 
base. 

Common Ion Effect . — ^The common ion effect consists in 
repressing the ionization of a molecule, by adding to the solution 
a suitable substance having the same anion as the original 
substance, and thus producing an excess concentration of the 
anions. If the original molecule has characteristic Raman lines, 
which are distinct from those produced by the constituent ions^ 
the degree of ionization at all stages may be followed as has 
already been shown. We should thus be able to observe an 
abnormal increase in an otherwise progressively decreasing 
intensity of the line by adding the repressing agent at some 
stage of dilution. Hibben ^ has chosen the example of an 
aqueous solution of ZnClz. In concentrated solutions, a Raman 
line at 275 is recorded and this gradually disappears with 
increasing dilution as neither zinc nor the chlorine ions can 
be responsible for this line. The addition of NaCl to such a 
solution will obviously produce a large number of chlorine ions 
^d the common ion effect should be expected to set in. The 
ionization of ZnCh should be repressed and the Raman line at 
275 due to the molecule should accordingly pick up in intensity. 
These expectations are confirmed in a very striking manner by 
the results of Hibben. The curves obtained by him are 
reproduced in Fig. 38. 

In curves 4 and 5, the ZnCl 2 line shows a remarkable 
increase in intensity although the concentration of ZnCh is 
very low. Due to the repressed ionization, the proportion 
of unionized ZnCla molecules in these cases is evidently even 
larger than that obtained in 1 molal solutions (curve No. 1). 
Hibben has further studied the effect of forming an excess 


1 Jour. Chem. Phys., 5 , 710 (1937). 
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number of common kations in the solution. He found that in 
such a case, there is no appreciable repression of ionization. 
This conclusion is based on the result that the addition of 
ZnS04 to the above solution, at various stages of dilution, causes 
no marked increase in the intensity of the ZnClg line. 




Chapter XVIII 


RAMAN EFFECT IN RELATION TO ORGANIC 

CHEMISTRY 

General Introduction . — From the point of view of organic 
chemistry, a study of the Raman effect has been of great value. 
It has thrown considerable light on a variety of problems. 
Amongst the major fields in which it has been successfully 
utilized are: (i) the determination of the presence or absence 
of specific-linkages in a molecule, (ii) qualitative identification of 
impurities of certain types, (iii) quantitative estimation of the 
relative proportions in which the constituents of a mixture are 
present, (iv) the elucidation of structures of important molecules 
like benzene,^ and (v) a study of different types of isomerism. 
The field of research and the results obtained are so vast that 
it is not possible to do complete justice here^to this branch of 
the subject.^ Only the more important aspects are dealt with 
and no attempt is made to present an exhaustive collection of the 
results obtained with the numerous substances so far investigated. 
A brief and general review will first be given of the common 
groups of substances studied and the linkages that usually 
occur, laying emphasis on the notable points, if any, in relation 
to each one of the groups or linkages. Some special aspects 
including those mentioned above will then be dealt with. 

Saturated Hydrocarbons . — Normal Saturated hydrocarbons 
up to C12H26 and some of their isomers have been studied. 
The accompanying chart, taken from Hibben, gives an idea of the 
increasing complexity of the Raman spectrum as we pass from 
the simpler to the more comphcated members. The frequencies 
may be broadly divided into 4 ranges. Those which he m the 
regions 800 to 1100 and 200 to 800 may respectively be attributed 
to longitudinal and transverse oscillations of the C — C linkages. 


^ This has already been discussed in chapter XIll. 

2 For a very exhaustive discussion, reference may be made to J. Hibben, 
The Raman Effect and Its Chemical Applications (1939). 
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Fig. 39. 


Similarly the regions 2700 upwards and from 1100 to 1^0 
may be taken to represent the corresponding oscillations of the 
C— H linkages. 

Halogen Derivatives of the Paraffins— The introduction of 
a halogen often causes new lines to appear in the region below 
800. The primary frequencies attributable to the C— Cl, C— Br 
and C — I linkages are respectively in the neighbourhood of 
700, 600 and 500. 

Unsaturated Hydrocarbons . — Under this class of substances, 
the olefines, the di-olefines, and the acetylenes may be dealt 
with. Several of these compounds have been studied and 
most of them show very prominent lines. The characteristic 
frequencies of the C = C, C = C = C and C ^ C linkages 
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are 1650, 1100 and 1960 to 2250 respectively. The variations 
which these shifts undergo from substance to substance are of 
great interest and these will be dealt with later. The case of 
C = C and a study of the variation of its characteristic frequency 
from structure to structure have been of particular utility in 
problems relating to the constitution of molecules like the 
terpenes and related compounds. The lines noted above are 
sometimes very intense and, as will be seen later, they may be 
utilized for the purpose of identifying small percentages of 
impurities containing the corresponding linkages. The fact 
that the ethylenic linkage occurring in a molecule of the type 
R 1 R 2 C = CH 2 has a frequency of about 1650, which is less 
than 1680 exhibited by structures of the type R1R2C = CHR in 
which a further substitution takes place, has found an interesting 
application. The two isomers, rhodinol and citronellol, having 
the formulae (1) and (2) respectively belong to these two types. 

CHaOH-CHa-CH-CHa-CHa-CHa-C = CHa 

I I 

CHa CHa 

Type RiRaC = CHa . • . . (1) 

CHaOH-CHa-CH-CHa-CHa-CH = C-CHa 

1 I 

CHa CHa 

Type RiRaC = CHR .. .. ( 2 ) 

Ordinary citronellol gives a strong line at 1677 which is accom- 
panied by a faint line at 1 645. It is concluded from this result 
that in this substance, although citronellol predominates, rhodinal 
also is present to a small extent. 

Alcohols . — A series of alcohols have been studied. The 
lines at 1030 in methyl, 885 in ethyl, 856 in propyl and 825 in 
butyl alcohols are characteristic of the C — O linkage. Most of 
the alcohols give a broad band with a maximum near 3400 and 
this may be attributed to the O — ^H linkage. The intensity of 
scattering in these liquids is usually very low. Amongst the 
polybasic alcohols, glycerine is of special interest and its Raman 
spectrum has recently been studied with great care.^ Some of 


^ B. D. Saksena, Proc. Ind. Acad. Sci., 10 , 333 (1939). 
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the sugars have also been studied but the lines recorded are 
not many in number, if we consider the complexity of these 
molecules. The inherent weakness of the scattered hght and 
the continuous spectrum arising from inevitable impurities are 
partly responsible for this. Improved technique appears to be 
necessary for a complete study of these substances and the 
results are likely to be of value from the point of view of the 
constitution of sugars. 

Ethers, Thio-ethers and Mercaptans. — Generally, the Raman 
spectra of ethers resemble those of the corresponding hydro- 
carbons or the alcohols. The introduction of sulphur gives rise 
to new frequencies as in the case of a halogen and also consider- 
ably increases the scattering power of the substance. The 
C — S linkage gives lines in the region of 650 and the S — H in 
the region of 2580. All mercaptans give two strong lines corres- 
ponding to the above hnkages. 

Aldehydes, Ketones and Oximes . — With a few exceptions, 
all aldehydes show a characteristically strong line at about 1720, 
which may be attributed to the carbonyl group. Its absence in 
certain cases, such as para-formaldehyde, paraldehyde and 
aqueous solutions of formaldehyde of only moderate con- 
centrations, is obviously due to the special conditions that 
prevail. Para-formaldehyde and paraldehyde are polymers and 
do not contain the C = O group at all. If only moderate 
quantities of formaldehyde are present in aqueous solutions, it is 
possible that the whole of it exists in the form of methylene 
glycol CH 2 ( 0 H) 2 . 

The important group in ketones is again the C = O 
group. Its behaviour is more or less similar to that obtained 
in aldehydes. 

A few aldoximes and ketoximes have been studied by 
Bonino and Manjoni-Ansidei and they have discussed their 
results in relation to the structure of oximes. All the aliphatic 
oximes give a prominent line at about 1660 and the aromatic 
oximes at about 1630. This is attributed to the C = N linkage. 
This result, when taken along with the fact that there are no lines 
that may be attributed to the N = O linkage, furnishes evidence 
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R— C— R" 

in favour of the ordinarily accepted constitution 1| 

H— N-^O 

for the oximes. Bernstein and Martin ^ have also recently studied 
the Raman spectra of some oximes. 

Acids and their Derivatives . — In common with the aldehydes 
and ketones, these exhibit strong hnes in the region of 1700 
due to the C = O group. In the lower members of the series 
such as formic and acetic acids, the lines obtained are usually 
not sharp. This result may be attributed to the fact that they 
are highly associated liquids. A few acid chlorides, anhydrides, 
amides, etc., have been studied. The anhydrides have the 
peculiar property of giving two hnes in the region of the 
C = O frequency. They are, however, somewhat high and 
occur at about 1770 and 1840 respectively. Amongst the 
dibasic acids studied, mention may be made of oxalic, malonic, 
tartaric and citric acids. In these acids, the carbonyl frequency 
does not come out so readily as in monobasic acids. 

Esters and Acid Salts . — ^A large number of esters have been 
studied. A few metalhc acetates, formates, etc., have also been 
studied. One noteworthy feature in the spectra of these 
compounds is that the C = O frequency is present only feebly. 

Cyanogen Compounds . — ^Both the HCN gas and the hquid 
show a strong line at about 2090. This value is quite close to 
that obtained for the C = C and other linkages involving triple 
bonds. We have, therefore, to conclude that the carbon and 
nitrogen in HCN are linked by a triple bond. Besides this 
prominent line, a weak satelhte at 2069 has also been observed 
in the HCN hquid. This has been attributed to the isomer 
H — N ^ C. Dadieu and Kohlrausch have estimated, from the 
relative intensities of these two hnes, that H — ^N ^ C is present 
ordinarily to the extent of about ^%. All other organic nitriles 
and isonitriles studied have been found to give shifts of this 
order. The isonitriles usually give a lower shift and this fact 
has been utilized to differentiate between the two isomers. 
Similarly, some thiocyanates and isothiocyanates have been 


Trans. Roy. Soc. Canada, 3J, 105 (1937). 

19 
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investigated. Ethyl thiocyanate gives 2152 whereas the cor- 
responding isothiocyanate gives a lower shift 2106. 

Benzene and its Derivatives. — Benzene has been investigated 
very extensively. A very large number of derivatives have 
also been studied. The Raman spectrum of benzene, in relation 
to its constitution, has already been considered very fully. 
Amongst the lower oscillation frequencies in benzene, 606, 
849, 992 and 1178 appear to be very characteristic of the hexa- 
gonal ring and they continue to appear in practically all 
the derivatives with shght variations. The effect of substitution 
in benzene in all its aspects, such as monosubstitution, disubstitu- 
tion, etc., and in the latter case different alternatives such as 
ortho, para, meta, have all been studied in great detail by 
Kohlrausch, Andrews and co-workers. 

Saturated Cyclic Compounds, Cyclo-olefines and Polycyclic 
Compounds. — ^The parent members of the saturated cyclic 
compounds have been studied up to cyclo-octane. Each ring 
has a characteristic line which persists in all the corresponding 
derivatives with slight alterations. The value of this frequency 
is 1187 in cyclopropane, about 920 in cyclobutane, 890 in cyclo- 
pentane, 800 in cyclohexane, 730 in cycloheptane and 700 in 
cyclo-octane. 

A number of cyclo-olefines such as cyclopentadiene, cyclo- 
hexene, cyclopentene, etc., and their derivatives have been studied. 
The ethylenic linkage in cyclopentadiene exhibits a rather low 
frequency, namely 1500. In cyclopentene, cyclohexene, cyclo- 
heptene and cyclo-octene, it is 1615, 1650, 1651 and 1604 
respectively. 

Amongst the more important polycyclic compounds studied, 
are naphthalene, dekalin and tetralin. Many of their derivatives 
have also been studied. The low frequencies that are charac- 
teristic of the naphthalene structure are 512, 758, 1024, 1149 
1382 and 1573. 

Heterocyclic Compounds. — ^Amongst the substances studied 
under this class of compounds, furan and its derivatives, pyrrole 
and its derivatives, pyridine, piperidine, thiophene, etc., may be 
mentioned. The spectra obtained are usually very intense, 
comphcated and difficult of interpretation. The frequencies 



TERPENES 


291 


characteristic of specific linkages are considerably shifted. 
As an example, we may mention the occurrence of the frequency 
due to the C = C linkage at as low a value as 1500 in furan 
and its derivatives. In some cases, they are so changed that it 
is difficult even to identify them. 

Terpenes. — ^Terpenes, analogous compounds and isomers 
have been very extensively investigated both from the point of 
view of their constitution and the detection of particular types 
in naturally occurring mixtures. The subject is intimately 
connected with the behaviour of the C = C and C = O linkages 
with varying conditions. The relevant features in respect of 
these linkages are given in a following section. With the help 
of these and from a knowledge of the C = C and C = O 
frequencies occurring in a particular derivative, it is possible 
to say whether the observed results are in agreement with the 
proposed constitution or not. As an example, we may take the 
case of teroineol which has the constitution given below. 


/ 


CHs 

1 

c 

/V 


CH2I 

CH2 


\ 




\/ 

CH 


HOC (GH 3)2 
Terpineol 


CHa 

1 

C 


CH 

I 

HaC = C— CHs 
Carvone 


CHs 

I 

C 


CH 

CH 


\ 

c = 0 

CH2 

CH2 

chJ 

\ 

/ 

CHs 

CH2 


\ 


CH 

CH2 


CH 

1 

HgC— C = CHa 
Limonene 


This is analogous to methyl cyclohexene, in which the C = C 
has a frequency of 1675. We may also view the double bond 
present as belonging to the type CHR = CRiRg and arrive 
at the same result, since the characteristic C == C frequency in 
such a group is 1675 (see Table LXII). In agreement with the 
above expectation, terpineol has a frequency of 1673. We may 
choose carvone as another example. This substance has the 
constitution given above. There are two C = C bonds, one 
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being external and the other internal to the ring. The internal 
bond is conjugated with a ketonic C = O link and we see from 
Table LXII that we should expect a frequency of 1638 for this 
link . Carvone shows a hne at 1646. The external double 
bond is of the type CH 2 =CRH and the value expected, as will 
be shown in the next section, is 1650 which is close to 1646. 

Two separate frequencies for the internal and external 
C = C bonds are not observed in carvone, presumably because 
of their nearness to each other. We may take another instance, 
namely limonene, where they are well separated. Limonene 
has the constitution given above and possesses one internal and 
one external C = C bond. The internal one is again similar 
to that obtained in methyl cyclohexene or R 1 R 2 C = CHR type 
and we should expect a frequency of 1675 for this. The external 
one is of the type H 2 C = CR 1 R 2 and we should accordingly 
expect a frequency of 1650. Limonene actually gives two 
frequencies at 1680 and 1658 in agreement with our expectations. 
All the terpenes and terpenoid compounds may be treated in 
this manner in the hght of their chemical constitution. 
Table LXI is reproduced from Hibben’s work and refers to a 
few terpenes treated in this manner. The C = O link is also 
dealt with similarly with the help of the figures given in 
Table LXII. 

The agreement in most cases is very satisfactory. Amongst 
the other important results obtained with terpenes, the following 
may be mentioned. Essence from Pinm longifolia has been 
analyzed by the Raman spectrum method and found to contain 
two forms of carene, namely A*-carene and /S carene. Suc- 
cessive distillates from the oil of indienne show the presence of 
pinene, jS pinene, and A® - carene. Distillates from the essence 
of citronel of Java similarly show pinene, ^ pinene, limonene and 
other terpenes. The chief constituents of several other essential 
oils have also been identified by the Raman spectrum method. 
Numerous other results of importance have been obtained and a 
reference has to be made to the original papers for a fuller 
account. It must, however, be mentioned here that one must be 
cautious in extending the above arguments too far, as the 
constitutive influences can always be estimated from alternative 
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Table LXI 

Calculated and Observed C = C and C = O Shifts for Some 

Terpenes 


Compound 

Observed frequency 

Calculated frequency 

c = c 

c = o 

c = c 

c = o 

Pulegone 

1617 

1673 

1600 

1670 

Carvenone 

1632 

1673 

1638 

1670 

i8-Thujone 

. . 

1688 or 1750 

« • 

1712 

Menthone 

. , 

1714 


1712 

Fenchone 


1731 


1712 

Terpineol 

1675 


1675 


Carvone 

1646 

1673 

1638 

1670 

a-Pinene 

1656 


1675 


/-Limonene 

1658 


1650 



1680 


1675 


Sabinene 

1650 


1650 


Menthene 

1673 


1675 


Geranial 

1647 

1681 

1640 

1689 




1678 


Citronellal 

1675 

1719 

1650 

1720 

Citronellol 

1675 

« * 

1650 


Linalool 

1672 


1678 



1646 


1640 


Geraniol 

1675 


1678 



view-points thus leading to slightly different results. The large 
discrepancies that exist between the results of various workers 
in this field, to which attention has recently been drawn by 
Angus,^ have also to be borne in mind in this connection. 

Miscellaneous . — number of other substances, not men- 
tioned above, such as organo-metallic compounds, amines, 
amides, imido compounds, unsaturated nitrogen ring compounds, 
vegetable oils, etc., have been studied. The purpose of such 
investigations in most cases has been to get some information 
with regard to the chemical constitution. 

C—H Linkage.— ThQ shifts corresponding to this linkage are 
large and may be only a few or several in each molecule depending 
upon its complexity. They usually lie in the region 2800 to 
3400. Sometimes, one or more lines also appear in the region 


Proc, Ind. Acad. Sci., 8, 529 (1938). 



294 RAMAN EFFECT IN RELATION TO ORGANIC CHEMISTRY 

of about 1450 which may also be attributed to this pair. 
Approximate values of C — H frequency, obtained under various 


conditions, are given below. 


C — (aliphatic) . . 

. . 2918 

C — (aromatic) . . 

. . 3054 

CO 

3 

[2930 

(. 2862 

C— CH 2 — C 

. . 2970 

CH 2 (transverse) 

. . 1450 


The above values are to be regarded as only the averages or 
the most probable ones. There are stray cases where the 
departures from the above figures are considerable. 

C — C Linkage . — ^The principal line attributable to this 
linkage is in the neighbourhood of 990. In ethane, the corres- 
ponding frequency is 993. With increasing length of the chain, 
this value becomes less and less and more fines develop. Fig. 39 
shows these features. 

C = C Linkage . — ^This is one of the most important and 
very widely studied finks. Without extensively quoting the 
results, the main features will be stated serially. The frequency 
has a value of 1620 in ethylene. In compounds of the type 
CH 2 = CHX, where X is either a hydrocarbonradicaloracarboxyl 
group, the frequency increases to about 1650 or a little less. 
If X is a halogen or an aldehydic group, the frequency diminishes. 
If the substitution is in a position with respect to the double 
bond, the elfect is not so marked as it is when the substitution 
is in an alpha position. Disubstitution may take place in two 
different ways, both the substituted groups being attached to one 
carbon atom in one case and distributed to both in the other. 
We accordingly have molecules of the type CH 2 = CR 1 R 2 or 
CHRi = CHR 2 .^ In the former type, the frequency is in the 
neighbourhood of 1650 and in the latter, it is about 1660 or 1675 
according as the resulting molecule is of the cis form or of the 
irons form. Trisubstitution results in molecules of the type 

“ CR 1 R 2 and the frequency in such molecules is further 

Geometrical isomerism is met with in this type of molecules and this 
aspect will be dealt with later. 
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enhanced to about 1675. Effect of conjugation by another 
double bond is to decrease the frequency. These and other 
influences are represented in a concise form in Table LXII. 

The shifts of the unsubstituted hydrocarbon are given in brackets. 

The type of linkage whose shifts are being given for various 
surroundings is noted under column 1. If any linkage is given 
in column 2, the indication is that the linkage in column 2 is 
conjugated with that in column 1. When two shifts are paired, 
they refer to the two possible cis and trans isomers. 

Table LXII 

Influence of Substitution on C~C and C=0 Linkages (Hibben) 

Linkage Hydrocarbon Aldehyde Ketone Acid Ester Anhydride 


Aliphatic hydrocarbons 


1 

c-c 
c = c 
c-c 

uo 

11 II 

(1620) 1664-1678 
1634-1660 

1620-1647 

1720 

1600 

1705 

1638 

1654 

1664-1679 

1735 


O UCJ 

il II il 

c = o 

c-c 

(1615) 1658 

1500 

1725 

1689 1 1668 

IJycIic Compounds 

Cs 

1735 

1735 

1740 

1750, 1820 

c = c 

c = o 

.... 

1616 

, , 


1631 


c = o 


.... 


1735 

, . 

. . 


c = o 

c-c 


1676 

Ce 


• * 

1715 


c = c 


(1650) 1675 


. , 




c = c 

c-c 

1576 1615-1635 




1672 


c-c 

c = o 

.... 


16k 



c = o 




1712 


1740 


c = o 

c = c 



1670 


1735 


c = c 

(benzene) 

•• 

(1584) (1605) 1604 

1597 

1597 

im 

1602 


C-0 

c = c 

c = c 

c = c 

(phenyl) 

(1651) 1672 

(1604) 

1690 

Cs 

i 

1677 

1670 

1 

1724 



C = C Linkage— In acetylene, the frequency of this hnkage. 
is 1975. In monosubstituted compounds of the type RC = CH, 
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it ranges between 2100 and 2120. In disubstituted compounds 
of the type RC = CRi, two frequencies occur, one in the range 
2230 to 2240 and the other in the range 2300 to 2320. 

C — O Linkage. — ^This linkage comes next in importance to 
C = C and is met with in a variety of organic compounds. 
The frequency that may be attributed to it is very often in the 
neighbourhood of 1720 , although cases are known where it 
goes down as low as 1650 or as high as 1800. The lowest value 
occurs in acids. The frequency slightly increases when we come 
to ketones and more so in aldehydes. This frequency is also 
subject to constitutive influences similar to those noticed in the 
case of C = C linkage. 

Application to Analysis of Mixtures. — Both qualitative and 
quantitative analysis of mixtures of organic substances with 
the help of Raman effect have been attempted. The fact that 
certain substances exhibit strong and characteristic Raman lines 
enables us to detect their presence even in minute quantities in a 
given sample. The following Table, taken from a recent paper 
by Goubeau \ illustrates a few cases. 

Table LXIII 


Application of Raman Effect to Organic Analysis 


Mixture 

Percentage 

detected 

Authors 

Benzene in dioxane and \ice 
versa 

1 to 2% 

Hanle and Heidenreich 

Olefines in cyclopropanes 

i-37„ 

Lespieau, Bourguel and 
Wakeman 

Styrol in ethylbenzene 

0-4% 

Weiler 

/ 7 -xylene in m- and o-xylene . . 

0-5% 

Birckenbach and Goubeau 

Benzene in petroleum benzine 
and in CCI 4 

0 - 1 % 

Goubeau 


A few other mixtures, not included in the above Table, have 
also been studied. In principle, the method is applicable to any 
case provided the substance in question exhibits a characteristic 


1 Angewandte Chemie, 51, 11 (1938). 



ISOMERISM IN ORGANIC COMPOUNDS 


297 


and strong Raman Kne. It is well known to workers in this 
field that small quantities of impurities, present in a sample of 
another substance, often give their own lines in well-exposed 
Raman spectra. 

Results of the application of Raman effect to a quantitative 
estimation of the constituents in a mixture are shown in 
Table LXIV. These are taken from Goubeau. Reference 
may also be made to the recent work of Andant^ for further 
details in this connection. 

Table LXIV 

Application of Raman Effect to Organic Analysis 


Benzene content 


In 

Given 

Measured 

Error 

Error 
expressed 
as % of 
benzene 

Petroleum benzine 

1-0 

1-2 

+0-2 

-1-20-0 

Do. 

3-8 

40 

+0-2 

-f-5-3 

Do. 

12-5 

12-7 

+0-2 

+ 1-6 

Do. 

75-0 

77-9 

+2-9 

-1-3-9 

Toluene 

80-0 

78-3 

-1-7 

-2-1 

Commercial motor benzene. . 

80-0 

76-0 

-4-0 

-5-0 


Isomerism in Organic Compounds. — Several cases of ordinary 
isomers such as the ortho-, meta- and para-disubstituted 
derivatives of benzene, primary, secondary and tertiary hydro- 
carbons or alcohols, etc., have been studied. Generally, as the 
whole structure changes from one isomer to the other, the 
entire symmetry and hence the Raman spectrum is considerably 
changed. That this is so in several cases may be seen from 
Fig. 39. As has already been mentioned, the isomerism of 
cyanides and isocyanides has been studied very completely. 
The results indicate that in both cases, carbon and nitrogen are 
bound by a triple bond. The structures are represented respec- 
tively as R— C = N and R— N ^ C. Cyanates, thiocyanates and 


Comptes Rendus, 206 ^ 1294 (1938). 
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their isomers have also been studied but the results are not 
conclusive. 

Geometrical isomerism may be considered next. Three 
important aspects, namely the variation in the C = C frequency, 
general similarity or otherwise between the spectra of the 
isomers and the relationship between the polarization factors, 
present themselves here. In Table LXV are collected the 


Table LXV 

C = C Frequency in cis and trans Isomers 


I 


Compound 


trans 


1 Sk ^ 

3=0 0=0 


S3 



o 


1581 

1587 

1645 

1644 

1631 

1650 

1653 

1630 

1658 

1658 

1642 

1581 

1577 

1652 

1655 

1644 

1650 

1657 

1632 

1674 

1673 

1664 


frequencies of the C = C linkage in a few cis and trans isomers 
that have been studied. With the exception of a few compounds, 
the frequency in the trans form is always definitely higher than 
that obtained in the cis form. 

In general, the spectra are quite different and this is in 
accordance with what may be expected, since the symmetry of 
the molecule changes altogether from the cis to the trans variety. 
The polarization factors are also different. These are well 
brought out by the recent work of Paulsen, whose results for 
cis and trans dichloro-ethylenes are given in Table LXVI. The 
depolarization factors are given in brackets. When data are 
available for more than one exciting line, the mean value is 
given. 
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Table LXVI 

Polarization of Raman Lines in cis and trans Isomers 


fCHCl' 
( " 

\CHCl. 


Frequency 175 405 564 711 1178 1587 3077 

and p for cis (0-52) (0-89) (0-90) (0-07) (0-68) (0-19) (0-25) 

Frequency 349 763 847 1270 1577 3070 

and p for trans (0-29) (0-69) (0-09) (0-21) (0-10) (0-17) 

These differences have been used for the purpose of following 
up the mutual conversion of one isomer into the other under 
certain physical conditions. 

Several authors have studied the Raman spectra of a few 
acefoacetates with a view to elucidate the phenomenon of 
keto-enol isomerism. Whenever there is a possibility of an 
enolic form existing, a line attributable to C = C is observed. 
Besides the C = O line, which is usually greater than 1700 in 
these molecules, methyl acetoacetate, ethyl acetoacetate, methyl 
ethylacetoacetate respectively exhibit lines at 1626, 1656 and 
1618. These are obviously due to the C = C linkage present in 
the enolic form. It is also easy to see that methyl dimethyl- 
acetoacetate cannot exist in two forms and accordingly no line 
in this region is observed in the Raman spectrum of this sub- 
stance. Several other instances of isomerism, akin to the keto- 
enol type, have been discussed by Hayashi^ and Kohlrausch and 
Pongratz.® 

The Raman spectra of a number of optical isomers such as 
the d and / pinenes, camphors, borneols, camphoric acids, etc., 
have been obtained. No differences between the spectra of the 
two forms are detected in any case. 


1 Sci. Papers Inst. Phys. Chem. Research Tokyo, 21 , 69 (1933). 

2 Monatsh, 70 , 3 / 4 , 226 (1937). 




Appendix I 

RADIATION FROM MOVING CHARGES 

Radiation from an Accelerated Charge . — ^If a charge e is 
situated at the centre of a sphere of radius r and is moving with 
an acceleration / parallel to the Z axis, it will radiate energy 
at a rate which may easily be calculated on the basis of the 
electromagnetic theory of light. The electric and magnetic 
fields at any point P on the surface of the sphere (Fig. i) are 

given by E — H == ' 



0 and (p are the co-ordinates of the point P and c is the velocity 
of light. These two vectors are mutually perpendicular to each 
other, so that we have for the Poynting vector at P 




c • e^ sin^g 


. ( 1 ) 


The energy radiated between the cones having semi-angles B 
and B+dB will be obtained by multiplying the above with the 
solid angle Inr^smBdB. The total energy radiated in all 
directions is then obtained by integrating the result between the 
limits 6 = 0 and 6 = as 
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radiation from moving charges 


TT 


V 


sin®0 dd = 


2eT 

3c® 


(2) 


Radiation from an Oscillating Dipole . — If the charge e, 
situated at the centre of the sphere, is oscillating in such a manner 
that the displacement at any instant of time t is given by 
Eo cos Invt, the Poynting vector S at a point B, (p of the surface 
will be given by 

c ^ ^ cos® Ijivt. 

An ^ c^r® 


This is identical with (1) except that the acceleration / has been 
replaced by — Eo {InvY cos Invt. We are justified in doing this, 
only if the amplitude Eo of the oscillation is quite small in com- 
parison with r. Only then will the charge remain approximately 
at the origin of the sphere at all instants. The mean rate of 
radiation in the direction 6 is therefore given by 

{InvY . c®Eo® sin®6 

Sttc®/-® 


On multiplying (3) with the solid angle Inr^ sine dB and integrat- 
ing over the surface of a sphere of radius r as before, we obtain 
the expression for the total radiation as 


a)%®Eo® 
3c® * 


( 4 ) 


cEo represents the maximum value of the moment that would be 
acquired by the oscillating dipole and co stands for Inv. 
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CONVERGENCE CORRECTION 

In, the general case of a rectangular co-ordinate system 
OXYZ, we have shown (equations 21, 22 and 23 of chapter III) 
that if Ea;, Ey and E^ are the X, Y and Z components respec- 
tively of an incident electric vector, then the averages of the 
squares of the optic moments induced in the molecules in the 
directions X, Y and Z are 


= E,^H^-h(E/-t-E,^)fe^ 

where W = KA^-f BHe)+^(AB+BC-fAC), 

^2 = ^i^(A2-|-BHC2-AB-BC-AC). .. (1) 

If we regard that the direction of propagation of the incident 
unpolarized light is confined strictly to the OY axis, then 
= Ea:=E and Ey = 0. The depolarization q of the scattered 
light, obtained under such ideal conditions, will be 

_ i _ 2^® 

On the other hand, if we consider a ray OM (Fig. ii) whose 

z 



Fig. ii. 
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direction of propagation departs from the OY axis in that it 
lies in the YOZ' plane such that y6M = ^ and Z6Z' = a, then 
the electric vector E lying in the plane YOZ' will be normal to 
the direction of propagation OM. It will have components 
— E sin/5 along OY and E coSj5 along OZ' which in its turn may 
be resolved into E cos/S cosa along OZ and E cos/S sina along 
OX. The intensity E, lying in a direction perpendicular to OM 
and to the plane YOZ', will have no component along OY but 
will give rise to —Esina along OZ and Ecosa along OX. We 
therefore have 

Ea = E (cos/3 cosa— sina) ; E^, = — E sin/5 ; 

Ea, = E (cos/3 sina + cosa). 
Substituting these in equations (1), we have 

= E^H^ (cos^/S cos^a + sin^a- 2 sina cosa cos/5) H- 

E^A:^(l+cosV sin^/5+2 cos^ sina cosa), 

^2 ^ E2H2 sin^iS+E^fe^l+cos^jS). 

If a lens is used to condense the beam symmetrically round the 
axis OY, its semi-angle of convergence being Q, we can easily 
see that in the above equations, j8 varies from 0 to and a 
from 0 to 271. The average values of these expressions, which 
represent the intensities, must therefore be obtained. It may be 
noted that in doing so, we are merely adding up the intensities 
arising from rays of different .obliquities as if they are all 

optically incoherent. Denoting these averages by p/ and j?/, 
they may be evaluated in the usual way as 

pS, = E^H^[K4+cosi2+cos^i2)|-|-E^A:^[|-(8— cosi2— cos®i3)] 

= E^H^|^^(2— cosi2— cos^i2)]-f E^^^|^J(4+cosi2-|-cos^i3)|. 
The depolarization will now be given as 


/ 

e 



2k^+(W-k^)w 


where ^ = |(2— cosi2— cos^i?). 


It may easily be verified that if Q, the semi-angle of con- 
vergence equals zero, then the function ip reduces to zero 


and q' reduces to 


2k^ 

iP+k^ 


which is the value in an ideal 
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case. Dividing throughout by the above relation may 

be written as 

/ _ g+(l-e)y> 


This expression may be further simplified if we regard q and Q 
as small. Under such conditions, neglecting higher powers of 

Q, we may write y) as equal to 2 sin^ and neglecting higher 

powers of we have 

Q' = QH2-Q)sm^^ = Q+^. .. ( 2 ) 


20 




Appendix III 
FLUCTUATIONS ^ 


Gaussian Error Function . — If x denotes any physical quantity 
characteristic of a medium, the probability, that this may, when 
referred to a small volume element within the medium, have 
a value differing from the mean value Xo by an amount lying 
between y and y-\-dy, is given by the Gaussian error function (1). 

co = I — ) e dy, .. (1) 


where 2. = i . 


y^ is the same as (Axf and is a measure of the fluctuation of x. 
Conversely, if we can express the probability function in respect 
of a particular physical quantity in the form of (1), we may 
easily evaluate the fluctuation of that physical quantity. 

Fluctuations of Volume, Temperature and Number . — If W 
represents the work that has to be done in transforming a 
volume element from the mean value state to any other through 
a reversible process, the probability that the volume element may 
spontaneously reside in the latter state is proportional to . 

This fact is represented by (2). 


(o cc e 


-Wlkr 


.. ( 2 ) 


If, as a result of the transformation, the energy of the volume 
element increases by AE, its entropy by —AS and volume 
by AV, we have 

W= AE-TAS+i?AV .. .. (3) 

T and p are the temperature and pressure respectively of the 
medium and therefore also represent the mean values when 


^ Evaluation of the fluctuations of volume, temperature, number, pressure 
and entropy closely follows that given by Landau and Lifshitz in their book 
on Statistical Physics (1938). The derivation in the case of binary mixtures 
is taken from Raman and Ramanathan, Phil. Mag., 45^ 213 (1923). 
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referred to the volume element. If we regard the energy E as 
a function of entropy S and volume V, we may write AE as 
follows, after neglecting higher powers. 

Making use of the relations T = and p and 

combining (4) with (3), we obtain (5). 

W = ‘[||(z^S)»+2j^ ASAV+||{AV)»] 

= KASAT-Ai?AV) (5) 


(2) will now be written as 

^oce(^MV-ASAT)/2CT (6) 

p, V, S and T are involved in (6) and any two of these quantities 
may be chosen as the independent variables. If V and T are 
chosen as the independent variables, we have 

= (IDv^'f+dDx^^ = f ^T+(3^)^AV 

Substituting (7) in (6) and rewriting it as a product of two 
functions, we get (8). 




The first of these functions contains AV only and the second 
at only. By applying the theorem of multiplication of prob- 
abilities, we may conclude that the fluctuations of V and T 
take place independently of each other. Each of the above 
functions is of the form of (1). By comparing them in turn 
with (1), we get the following relations. 
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AVAT = 0 

. (9) 

If V represents the mean number of molecules per c.c., the volume 
element V will have a total number equal to Vr which is a 
constant. We therefore have 


(Avy _ {^vf 

V2 ^2 


Substituting in (9), we obtain (10) for the fluctuation of number. 


= 


-lci'v^(dy\ 

V2 \dp)T NV • 


.. ( 10 ) 


Fluctuations of Pressure and Entropy. — If p and S are chosen 
as the independent variables, we have 


(11) 


AT = (i)AS+(|),AP = I AS+(|)^A^ 

Substituting (11) in (6) and rewriting it as a product of two 
functions, we get (12). 

(AS)2 

7JcT\dp}s 2kcp 

(occe ^ '^.e (12) 

Proceeding as before, we obtain relations (13). 


ApAS = 0 


(Ap)" = 


■^T(ii)3 


(AS)2 = A:c, 


V ' 


(13) 


Fluctuations of Concentration and Pressure in a Binary 
Mixture. — Let us consider a volume element V of the mixture. 
Let and Wa represent the masses of the two components 
present per unit volume when the volume element is in equi- 
librium with the rest of the medium. The mean concentration 
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— of the mixture will be denoted by c. If an amount of 

nil 

work W has to be done in order that the volume element may 
be transformed, by a reversible process, into another state ( 
terized by a concentration c-j-Ac, we have 

0 ) OC ^ 

where co is the probability of the new state. We must now 
evaluate W and recast (14) in the form of (1) in order to 
obtain the fluctuations of the various physical quantities. W 
may be expressed as a function of any two independent variables 
but we shall now choose the concentration c and the pressure p 
of the volume element as the variables. 

We shall imagine a cylinder fitted with a frictionless piston 
and containing a unit volume of the mixture at concentration c 
and a hydrostatic pressure equal to the vapour pressure of the 
mixture. The base of the cyhnder has two openings, which 
may be either closed at will or fitted with membranes permeable 
respectively to the vapour of the first and second component 
only. A second and much larger cylinder of the same type as 
above, which serves as a reservoir, is assumed to be filled with a 
large quantity of the liquid mixture. The temperature of the 
latter is the same as that of the former and its hydrostatic 
pressure is again equal to the total vapour pressure q) of the 
mixture. These conditions are the same as those that will 
prevail when the volume element, which corresponds to the 
small cylinder in this case, is in equilibrium with the rest of the 
medium (reservoir in this case). The following isothermal 
reversible operations may then be carried out. By means of 
auxiliary pumps, small masses Awi and Awo of the two com- 
ponents may be removed in the state of vapour from the reservoir 
through the semi-permeable membranes. The volume of the 
reservoir is so great that any alteration in the composition of 
its contents that occurs may be considered negligible. If pi 
and Pi be respectively the partial pressure of the vapours and 
Vi and ^?2 their specific volumes, the work done in this process is 
—piOi/\mi—piVi,l\mz+[si/\mi+Si/\m^(p, .. (A) 

where and 8% represent respectively the shrinkages of the volume 
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of the mixture by removal of unit masses of the two components. 
From the vapours thus separated, a mass A/Wi of the first 
component and a mass cAiwi of the second component are 
forced simultaneously into the small cylinder. It is clear that 
in this operation, the composition of the mixture in the small 
cylinder and therefore also its vapour pressure, remain unaltered. 
The work done in this process is 

Pi%A/Wi+P2«2CA/Mi — [■yiAlMi + ^aCAWi]?’ • (B) 

The remaining portion, Aw 2 — cAwi, of the second component 
is now forced into the cylinder, the hydrostatic pressure in it 
being maintained at the quilibrium value of its total vapour 
pressure at each instant. The work done in this process is 

V 2 (Aw 2 — cAnii)(j!? 2 +iA/' 2 )— ■s' 2 (Ani 2 — cA»Ji)(95+iA9?) ■ (C) 

A Pi and A 9 ? represent respectively the changes of the partial 
vapour pressure and the total vapour pressure resulting from the 
operation. The volume of the mixture in the smaller cylinder 
is now greater than at first by 5 iAiniH- 52 A»i 2 . The semi- 
permeable openings are now closed and the piston forced in, 
thus increasing the hydrostatic pressure, till the original volume 
is restored. The work done in this process is 

hKApf- .• * •• (D) 

/3 is the isothermal compressibility of the mixture and Ai? is 
the increase of hydrostatic pressure in the last process. As a 
result of the operations A, B, C and D, the concentration of the 
mixture in the small cyhnder is evidently altered from c 
to c+Ac such that WiAc = Aw 2 — cAwi. The total work 
done is obtained as follows by adding A, B, C and D. 

K^ 2 Ap 2 -^ 2 A 9 ')(Aw 2 -cAwi)+J| 8 (ApT. -• (15) 

(15) may be written in the form of (16). 

hmi (v2^ —Si^^i/Scf+l^iApy ■ .. (16) 

(16) represents the work done per unit volume. Accordingly 
we have 

W = -i-Ymi (v,^^-s,^yAcy + hWpiApT. (17) 
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Substituting (17) in (14) and expressing it as before as the 
product of two terms, we see that the fluctuations of concentra- 
tion and pressure take place independently of each other and 
we get the following relations. 

/\cAp = 0 




(18) 


The value of {ApY is the same as that given in (13). If e 
stands for the dielectric constant of the medium, by regarding 
it as a function of c and p, we obtain 

. de..de 
~ dc 

From (18), we at once get an expression for the fluctuation of 
s in respect of the volume element V. 



(19) 


If ^ is rewritten as where o is the density of the medium, 

1 do 

remembering tmi ^ ^ is also equal to |5, we get (20) in the 
place of (19). 
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EVALUATION OF THE VARIOUS MATRIX ELEMENTS 
OF THE POLARIZABILITY TENSOR 

The intensity of a Raman line v-^v' depends upon the 
matrix element and this is given by (1). 

= j V’t dq. . . . . (1) 

We may expand a{q) in the form 

«(«) = «•+ 2 ; (l|).a+|2; %■«'■+ ® 

and substitute this series in (1). The explicit value of is 
then obtained as the sum of a number of integrals, the exact 
values of which -will depend upon the transition v-^v'. In 
some cases, integrals involving odd powers of q and in others, 
those involving even powers of q vanish. The exact values for 
various cases have been given in the text. One example will be 
worked out here in detail and all others may easily be derived 
by adopting similar methods. 

We shall select the transition v v+1 and evaluate a^, *,+ 2 - 
It may easily be shown that the integrals arising from the 
first term and all other terms involving odd powers of q in the 
series (2) vanish. The most important term in this series 
will therefore be 

\ (l|)„ j ^*+2 'pM) dq (3) 

'ipjjq') is the eigen function of a harmonic oscillator and is given 
by 

J_ 

V a 

where = 2c and c stands for hjSn^vju. H„ is the Hermite 
polynomial of degree v. Substituting the values of the eigen 

functions in (3) and changing the variable dq to ci(^^ , we have 
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/ 1 

^v,v+2 - 2Va^VpV 2*’+^ 1^71=^ 

•• (4) 

We can now express as follows. 







(5) 


If (5) is substituted in (4), it is easily seen that all the terms, 
except the one which has A „+2 for its coefficient, contribute 
nothing to the integral. This result follows from the orthogonal 
properties of the polynomial expressed in (6). 



0 m 5^ « 

. . . . m = n = V. 


( 6 ) 


By equating the coefficients of the term of order v+2 on both 
sides of (5), we see that A^+g = ^ since the coefficient of the term 

of order v in is 2“. 

Therefore 


^V, -y-l-2 — 


?! / 

8 \dqyo^ 2 «' 


1 


^2 


V + 271^ 2^ \v 







H 


■V +2 



(7) 


Substituting from (6) in (7) and sirriplifying, we have 

“»,o+2 — 2 c-v/(w+ 1)(«+2)- 

In this manner, all the integrals occurring in chapter XI 
of the text may be evaluated. In each case, one of the Hermite 
polynomials under the integral has to be expressed as the sum 
of a series of such polynomials and use has to be made of their 
well-known orthogonal properties. 

As an example of the integrals occurring under the subject 
of rotational Raman effect, we shall select the one relating 
to the Z component of a transition Jm — > J'm'. The correspond- 
ing intensity will be proportional to 
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Since A+^ = 0, owing to the selection rule m'—m = 
we need consider cases in which m' = m only. As has been 
explained in the text, we have 


(“ooC. 



sine de. 


The dashed terms refer to the axes fixed in the molecule. For 
the case under consideration (A+^ = 0), the only terms that 
survive in the summation under the integral are those involving 
“o'o, ai'-i and Since we are dealing with diatomic or 

linear molecules only, we may put a'i_i = a'_ii. Substituting 
the values of Da-a', etc., and denoting the normalizing factors 
by the N’s, we have 

^J»nNr,„J[^ao+(cos2/9— ^)(a'oo— a'i_i)jp*^Pj^sine dd. 


.. ( 8 ) 

We shall now use the following relation, derived from the known 
properties of the associated Legendre functions. 

p ^ 0+m){J+m-l) p 
cost7.i'j,„ (2J+l)(2J-l) 




+ 


(J— m)(J+m) (J— m + l)(J+7?7 


+ 


[(2J-1)(2J+1) ' (2J+l)(2J+3) 

Q—m+2)(J—m+l)-o 

i T 




Jw 


(2J+l)(2J+3) •• (9) 

On substituting (9) in (8), we at once see that the selection rule 
for J in this case is J'= J or J + 2. Squaring the right hand 
side and summing up each term for all possible values of w, 
namely m — 0, +1 + J, we get the following relations. 


1 


2J+1 

1 

2J+1 

1 


(ao o)' 
(ao o) 


hn 

I 

J — 2 , m 
Jm 


JO-1) 


Jw 


15 (2J+1)(2J-1)1^^°^ 
J(J+ 1) 


(ao) 


' A C 


(yo) 


(an e) 


J + 2 , m 


2J+1 

3ao = ao'o+ai'_i + a_i'] 

These have been given in the text, 
with in a similar manner. 


45 (2J-1)(2J+3)| 

2 (J-M)(J+2) 

15 (2J+l)(2J+3) 

; yo = OCq 0 -1 • 

Other integrals may be dealt 


(yo) 
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TENSOR COMPONENTS AND THEIR 
TRANSFORMATION FROM ONE CO-ORDINATE 
SYSTEM TO ANOTHER 

In a system of cartesian co-ordinates x, y, z, if the com- 
ponents of two vectors are related by the equations (1), 

Psc 

Py ~ ^yx^x~^ ^y^y"^ ^yz^z 

Pz ^zx^x~^ ^zy^y~^ ^zz^z> • • • • ( 1 ) 

« is a tensor and its components are transformed by a change 
of co-ordinates in accordance with the well-known set of 
equations (2). 

x^y = 2 “W COS xx' cos yy' (2) 

In particular, when u and p represent the same vector referred 
to two sets of rectangular co-ordinates, the tensor components 
will merely be the direction cosines of one set of axes in respect 
of the other and we have (3). 

Px = Px cos xx'-\-py cos xy'+p^' cos xz' 

Py = Px COS yx'^Py cos yy'+Pz cos yz' 

pz~ Px zx' -\-py oos zy' -\-pi,' cos zz' . .. (3) 

If we are dealing with circular co-ordinates (x-hiy), 

1 

/=(x—iy) and z introduced in chapter XI, we have (la), (2a) 

and (3a) in the place of the transformations (1), (2) and (3). 
We shall represent these co-ordinates by the letters A, p,, etc., and 
designate them by the suffixes 1,-1 and 0 respectively. 

Pi = cci -lUi+cci lU-i+ui oUo 

P-i — (X-i 0^0 

Pq — V-a -iUi~\~ (/.fj <Xq qUq. .. .. (la) 

“ . (2a) 

xy 
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Pi = piDi -i+P-iDii+Po'Di 0 
P-x.~ Pi^-i i+j3o^D-i 0 

/^o = pi^Do -i+/’-i^Do i"t"/’o^Do 0- .. (3fl) 

By substituting the appropriate values of pi, Ui, etc., namely 
1 1 

(Px+iPy), {Px-^iPy\ etc., respectively in (la) or for pi 

and Pi in (3a) and by comparing the expressions with the 
analogous ones for cartesian co-ordinates, we can easily express 
the D’s and the a's in the circular co-ordinate system in terms 
of their values in the cartesian co-ordinate system and verify 
the transformations given under the section on rotational Raman 
scattering in chapter XI. In the cartesian co-ordinates a^^., cnyy 
and are the diagonal components of the tensor and 

invariant of the tensor. In the circular co- 
ordinates, (Xi _i, a _i 1 and ao 0 are the diagonal components of 
the tensor and ai i-J-ooo is the corresponding invariant. 
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GROUPS AND GROUP CHARACTERS 


Definition of a Group. — ^Any set of elements a, b, c, , 

finite or infinite in number, is said to form a group under an 
operation R, if the elements satisfy the following postulates. 

(i) The set is closed under the operation R, i.e., for every 
two elements a, b in the set, aKb is also an element in the set. 

(ii) For any three elements a, b, c, the associative law 
(aR6)Rc = «R(^Rc) is true. 

(iii) There exists in the set an element E called the identity 
with the property aRE = ERn = a for every element a in the 
set.’ 

(iv) To every element a in the set, there exists another 
element called the inverse element of a and written as such 
that aRa“^=E. 

The total number of elements which may be denoted by N 
is called the order of the group. The complete set of symmetry 
operations characteristic of either a crystal lattice or a molecule 
furnish a typical illustration of a group. 

Groups of Linear Homogeneous Substitutions and Representa- 
tion of an Abstract Group, — Let (xi, x^. .. xj represent a set of n 
independent co-ordinates. A linear homogeneous substitution 
of order n arises from n equations of the form 


Xi = aiiXx+ ax i.x-1 -\-ax,pc,, 

X2 — a 2 -iXi - 1 - a^ 2X2 -t~ U2 nXn 


Xn iXi -j- a.)i 2X2 'b nXn • 


It is uniquely determined by the matrix of transformation 


^11 „ 

^^2 1 a2^ a2n 


1 2 • H i • 


A group H of linear substitutions is a group of matrices deter- 
mined by these linear substitutions. If G is any abstract group 
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and H is a group of linear substitutions and if to every element 
A of G, there corresponds an element A' of H, such that the 
product of two elements A and B of G corresponds to the 
product of the two corresponding elements A', B' of H, then 
the group of matrices H is called a representation of G. 

Equivalent Representations and Group Characters. — Let E, 
A, B, C, — be a set of matrices forming a group H and S be any 
fixed matrix. Now take the matrices E, S~^A S, S"^B S, — . 
It may easily be shown that these matrices also form a group 
and it can be conveniently represented by S“^H S. Now if H 
is a representation of an abstract group G, obviously S~^HS 
is also a representation of the group G. Two such representa- 
tions are called equivalent. 

If the matrix A = (ajj), the determinantal equation 


ai i—t 

Cl 2. . • • • 

.... ai 

CI 2 1 

^2 2 — t . , 

.. .. az. 

1 

Ciyi 2 • . . . 

• * * * n 


is called the character equation of A and Z an = x (A) is called 
the character of A. It is easy to see that the character equa- 
tion of A is the same as the character equation of S“^A S. 
Hence the character of an element is the same in equivalent 
representations. 

Reducible and Irreducible Substitution Groups. — A group of 
homogeneous linear substitutions is spoken of as reducible, 
if it is possible to find a set of linear functions of the variables 

(xi, Xz x„) less in number than the variables such that 

they are transformed among themselves by every operation of 
the group. If it is not possible to find such a set of linear func- 
tions of the variables, the group of substitutions is said to be 
irreducible. A reducible group of homogeneous linear sub- 
stitutions is called completely reducible when it is possible to 
choose the variables in such a way that (i) they fall into sets, 
each set of variables being transformed among themselves by 
every operation of the group while, (ii) the group in each set is 
irreducible. 
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GROUP THEORY AND NORMAL OSCILLATIONS OF 

MOLECULES 

Normal Modes and Irreducible Representations . — ^Let there 
be n atoms in a molecule. The position of the atoms may be 
described by specifying the 3« cartesian co-ordinates Xi, ji, Zi 
. . . .Xn, Pn, Zjj. These may be taken to correspond to zero values 
for the equilibrium position. For oscillations of small ampli- 
tudes, the potential and kinetic energies may be expressed as 
general quadratic functions of the co-ordinates. These may be 
simultaneously reduced to the canonical form 

2V = IXiQ^,; 2T = i;Q^ 

with the help of suitable linear transformation of co-ordinates. 

Qi, Q 2 , Qsn are called the normal co-ordinates and the 

corresponding normal frequencies are given by the equations 
= Ait. The normal co-ordinate Qj, defines a configura- 
tion of the molecule. If we perform a symmetry operation R 
on the molecule, we get a new configuration which we denote by 
RQ*. If by means of the operation R, the Ath atom goes over 
into the /th atom, we shall suppose that the /th atom remains 
in its own neighbourhood but gets the motion of the klh atom. 
By doing this for every atom, we keep all the atoms in the 
neighbourhood of their original equilibrium positions and 
obtain a configuration of the molecule which is geometrically 
identical with RQ*. If we denote this new configuration by 
RQj, RQfc evidently represents a normal co-ordinate having the 
same frequency v^; because the relative configuration of the 
atoms is not altered. If RQjt is distinct from Q^., we obtain two 
distinct modes of oscillation having the same frequency vj.. 
Such a case will not arise for non-degenerate modes of oscillation. 
Now if R runs through all the symmetry operations of the 
group G appropriate to the molecule, we get all the normal 
modes of oscillation belonging to the same frequency. But 
all these modes of oscillation may not be linearly independent. 
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Let Qi, Qa Q/ be a set of linearly independent normal 

co-ordinates so obtained and having the frequency Then 
every other mode of oscillation with the frequency can be 
represented as a superposition of these /normal modes of oscilla- 
tion. The oscillation is then said to be /-fold degenerate. 
Similarly we obtain the normal co-ordinates of different fre- 
quencies. It is now easy to see that the normal co-ordinates 
belonging to a definite frequency define an irreducible repre- 
sentation of the group G. If Qi, Q 2 Q/ are a set of 

normal co-ordinates with a certain frequency the co-ordinates 


Qi, Qa QJ^ combine among themselves by the application 

of a symmetry operation and we cannot find linear combinations 
of Qi, Qa Q/ smaller in number than / which combine 


among themselves by symmetry operations. Thus if 


R Qi — ^11 Qi Q/ 

R Qa — 0.^1 Qi Q/ 


R Q/ — U/i Qi -\-aff Qj 

then R -> R — >■ the matrix (Uiy) 

and the correspondence defines a representation. Thus a set of 
normal co-ordinates of a definite frequency define an irreducible 
representation. 

Determination of the Number of Normal Modes that Belong 
to a Given Irreducible Representation. — ^We divide the 3n normal 
co-ordinates into different sets, each set belonging to a definite 
frequency. Let the irreducible representation defined by the 
rth set be denoted by D'’’*. Then the reducible representation 
of all the normal co-ordinates may be denoted by 


D^«(R) 


R-^R->AR = 


D^^’CR) 


On the other hand, the 3/z cartesian co-ordinates Xx, yi, zy . 

define a reducible representation, for Rq where q 
stands for any one of Xi, Xz , — is a linear combination of them 

2IB 
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and therefore defines a representation of the group. It may 
easily be proved that this representation is equivalent to the 
above representation defined by the 3n normal co-ordinates. 
Consequently the character of any group element R in the two 
representations is the same. 

It is easy to calculate the character of any operation R for 
the reducible representation defined by the cartesian co-ordinates. 
If the symmetry operation R takes over the atom k into the 
atom I, we have in general Rx* = and the 

character arising from xj^ is 0. Similarly, the character arising 
from and is 0. If, on the other hand, the ki}\ atom is in- 
variant under the operation R, we have 

R->^ife = Xt, cos^^-fjjfc sin?? 

Ry* = —Xj, sin??-!-^ cos?? 

= zj,. 

In the above equations, the axis of rotation is taken as the Z 
axis itself and the X and Y axes lie in a plane perpendicular to it. 
There is no loss of generality in the choice of such co-ordinates 
as the character is independent of the choice and we obtain 1 -f 
2 cos?? for the character of an operation consisting of a rotation 
through (p radians. If the operation is a rotation reflection, we 
have the same relations as above except that is replaced by —zj^ 
and the character comes out as — 1 +2 cos??. A simple reflection 
may be taken as a rotation through 0 radians accompanied by a 
reflection and a centre of inversion may be taken as a rotation 
through 71 followed by a reflection. We thus arrive at the result 
that an invariant atom under the operation R gives rise to the 
character +1+2 cos??^, the + or the — sign being used accord- 
ing as the operation is a pure rotation or a rotation reflection. 
The atoms, which are not invariant, do not contribute anything 
to the character of R. Hence, in the reducible representation 
defined by the cartesian co-ordinates, the character of any 
operation R is C/;j(+l+2 coscpfi where C/^ is the number of 
invariant atoms under the operation R. This will also be the 
character of the operation R in the representation defined by 
the normal co-ordinates since they are equivalent. 
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From a knowledge of the group characters in any re- 
presentation r, we find rti, the number of times a particular 
irreducible representation Fi is contained in F, by means of 
the important formula ^ 

•• •• ( 1 ) 

R 

where and are respectively the characters of R 

in Fi and F. N is the order of the group. In our problem, 
F stands for the reducible representation of the normal co- 
ordinates and hence, %'(R) is equal to 17 r(± 1+2 cos 9 !)r). 

Application to Molecules . — ^The first step in the application 
of the foregoing theory to an actual molecule consists in ascertain- 
ing its point group G and writing down the appropriate character 
Table containing the characters of the various group elements 
for the irreducible representations of the group. The character 
Table m respect of each group may be obtained from the general 
Tables given in the text. We have then to evaluate the character 
of each symmetry operation in the group for the reducible 
representation defined by the cartesian co-ordinates in the 
manner already explained. Since the character is the same for 
all operations coming under a particular class j, we have 

R J 

The summation on the right hand side extends over all the 
classes that constitute the group and represents the number 
of elements in the ^h class. Equation (1) of the foregoing 
section will now be rewritten as 

~ 2 %^*(R)+' (R)- • • • . (1^) 

3 

A knowledge of the number of atoms that remain invariant 
under each of the group operations R is necessary for evaluating 

^ The actual value of rii is obtained when Xi (R) is replaced by its complex 
conjugate but as we are dealing with real characters, this distinction is of no 
significance. For a proof of this and other similar relations used in this 
Appendix, reference has to be made to standard texts dealing with the ‘Theory 
of Groups’. 
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Hi with the help of (la) and this number is also easily obtained 
for a given molecule. includes the normal co-ordinates 
appropriate to the pure rotations and translations of the molecule 
as well. If instead of we use a modified character 

tpj (R), which is the same as when R is a rotation reflec- 

tion but equal to (C/r— 2)(l+2 cosg^R) when R is a pure rotation, 
we obtain Ui (see lb) excluding the pure rotations and transla- 
tions. 

^ 2 A.Zi(R)y/(R) . . . . (lb) 


Selection Rules for Fundamental Modes} — ^We have seen 
that every normal mode of oscillation belongs to some one 
irreducible representation of the group of symmetry operations. 
The mode is active or inactive in the infra-red absorption according 
as it causes a variation or not in the electric moment of the molecule. 
This condition may be symbolically represented by 


2(i cosg5R)Zi(R) 


= 0 inactive 

5 ^ 0 active. 


( 2 ) 


+ 1 +2 cos 9 ?r is the character of the operation R in the re- 
presentation defined by the vector components of the electric 
moment and %. (R) is the character in the irreducible representa- 


tion Fi to which the normal co-ordinate belongs. The summation 
extends over all the operations that constitute the group. 

The selection rule for the Raman spectra may be expressed 
in a like manner. The mode is active or inactive according as it 
causes a variation or not in the optical polarizability of the molecule. 
This condition may be symbohcally represented by 


2 2 cosg5R( +14-2 cosg?R 

R 



= 0 inactive 

9^0 active. 


(3) 


2 cosg?R ( jh 1 +2 cos9:>r) is the character of the operation R 
in the representation defined by the tensor components of the 
polarizability and ;i;j(R) is the character in the irreducible 
representation Ti to which the normal co-ordinate belongs. 


^ Proofs are omitted. These may, however, be obtained from original 
papers. 
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Selection Rules for First Overtones. —The selection rules that 
are appropriate to the various overtones may be expressed in a 
similar manner. Tisza has made a very complete study of these 
cases and the details will not be repeated here. It may, how- 
ever, be mentioned that Hnes of higher order are of very infre- 
quent occurrence in Raman effect and the few cases that have 
been observed are limited to the first overtones. The intensity 
of the higher overtones is so very small that a consideration 
of these is not of much practical importance. We will accord- 
ingly confine our discussion to the first overtones only and quote 
the results of Tisza. Relation (4) gives Q, the number of 
times the first overtone of a normal mode coming under a 
certain irreducible representation occurs in any irreducible 
representation A of the group. 

= (4) 

R 

In equation (4) 

By applying the test contained in equation (4) to all the 
irreducible representations of the group of symmetry operations, 
complete information as to the various types under which an 
overtone comes may easily be obtained. If all or some of these 
types are active, then the overtone is also active. If all the 
constituents are inactive, then the overtone is also inactive. 

Selection Rules for Combinations are also 

of infrequent occurrence in Raman effect and we need consider 
only the simple case of the fundamental of one normal mode 
combining with the fundamental of another normal mode. 
The two modes that are combining may or may not belong to 
the same irreducible representation. Tisza has given the 
general theory and his result, simphfied so as to be applicable to 
this case will be given here. Equation (5) gives Q, the number 
of times a combination between two normal modes, one coming 
under the irreducible representation (fc) and the other coming 
under (/), occurs in any irreducible representation Fi of the 
group. 



SOME SPECIAL CASES 


327 


R 

In equation (5) 

X^R) = />.%“. 

The expression is valid both when (/) is the same as {k) and 
different from {k'). Proceeding in a manner similar to that 
adopted in the case of the overtones, we can express the com- 
bination as the sum of several types of motion coming under 
different irreducible representations. If all or some of these 
types are active, then the combination is also active and if all 
the constituents are inactive, then the combination is also 
inactive. 

Some Special Cases.— W q shall now prove a number of 
theorems relating to certain special cases. 

1. All modes of oscillation coming under the total symmetric 

class are always Raman active. The character is 1 for 

all R for a total symmetric class by definition. Since the 
combination is an invariant for all R, its character 

is always 1 and is therefore present in the total symmetric repre- 
sentation of all groups. We accordingly conclude that all 
modes of oscillation coming under the total symmetric class are 
Raman active. 

2. The first overtone of every normal mode is Raman active 
irrespective of whether the fundamental itself is active or not. 
Since we have already proved that the total symmetric oscillation 
is always Raman active, in order to prove this theorem, we 
need only show that all first overtones occur at least once in the 
total symmetric irreducible representation. An inspection of 
(4) reveals that this is achieved if we prove that 

2;f'(R)?^o. 

R 

For all non-degenerate oscillations, the character is either +1 
or —1 for all R and [x(R)]^ as well as ;^(R®) reduce to -fl for 
all R and the above relation is at once satisfied. In fact, the 
representation of such overtones is equivalent to the irreducible 
representation of the total symmetric type itself In the case 
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of degenerate oscillations, the proof is slightly more complicated 
and depends on the following theorem. 

|[;t(R)J=N. 

In order that T ;c^(R) may be zero, we should have J 
R R 

equal to — N which is never the case. Thus the overtone contains 
at least one component coming under the total symmetric class. 

3 . We may now go further and conclude that if we are 
dealing with liquids or gases in which the molecules are oriented 
at random, the overtones may exhibit a depolarization factor 
less than f irrespective of whether the Raman line due lu me 
fundamental is polarized or depolarized. 

4 . If a centre of inversion is one of the elements in the group, 

all normal modes which are antisymmetric with respect to it are 
Raman inactive. For every operation R, which has the character 
%. (R), there is an operation R* obtained by combining i with R 
having the character — ;f^(R) in all irreducible representations 
which are antisymmetric with respect to i. This combina- 
tion can be regarded as R followed by a rotation-reflection 
through 71 . If in the representation defined by the tensor 
components, the character of R is 2 cos9?r(+ 1 +2 cos9?r) then 
the character of R^ is 2 cos (9 >r-|-ji) (+1+2 cos which is 

the same as 2 cos9?r (+ 1+2 cosep^. Consequently ^ 2 cos^^r 

R 

(+1+2cos9?r) ;f^(R) vanishes, the terms cancelling in pairs, 
and the mode is inactive. 

5 . All normal modes which are symmetric with respect to a 
centre of inversion are infra-red inactive. 

This theorem may be proved in a manner analogous to 
the foregoing one by studying the behaviour of the character 
+ 1+2 COS95R in the representation defined by the vector 
components. 

6. If a group possessing a 'p-gonal symmetry has a plane of 
reflection Oh as one of its elements, it follows that a centre 
of inversion is also an element when p is even and the foregoing 
rule applies as such. 
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7. The sum oLxx-{-'^yy-\-<^zz exists only in the total sym- 
metric class. This has the consequence of giving a depolarization 
value of f for all the Raman lines, coming under any of the 
irreducible representations with the exception of the total symmetric 
class, in the case of liquids and gases. 

Since is an invariant for all R, its character 

is always 1 and therefore it comes only under the total symmetric 
class. By virtue of the orthogonality relations, it does not come 
in any other representation. 

8. All Raman active normal modes combine with each one 
of the modes coming under the total symmetric class to give 
Raman active combination tones. On the other hand, the com- 
bination of an inactive mode with a mode belonging to the total 
symmetric class is also inactive. This follows from the fact that 
the characters of the combination of any mode with one coming 
under the total symmetric class remain the same as those of the 
original itself. 
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